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ABSTRACT
DETERMINING THE TROPHIC ROLE OF GULF MENHADEN (BREVOORTIA
PATRONUS) USING CARBON AND NITROGEN STABLE ISOTOPES
by Zachary Thomas Olsen
August 2012
Gulf menhaden (Brevoortia patronus) play multiple roles in the Gulf of Mexico
coastal ecosystem as filter feeders and as an important food source for many
recreationally and economically important finfish. Gulf menhaden also support a
large commercial fishery, and little is known about the impact of fishing on the
role of this species as a filter feeder in the food web. This study examines the
spatial, temporal and ontogenetic dynamics of food selectivity and trophic role
observed in Gulf menhaden. The most important dietary item for juvenile fish
was found to be phytoplankton (75.7% dietary composition) while that of subadults and adults was found to be zooplankton (77.6% for sub-adults and 63.0%
for adults) . Juvenile fish were also found to utilize detritus when present in the
water column and their diet was varied between individuals more so than
observed in sub-adults and adults. In addition, juveniles were found to occupy a
trophic level approximately one step lower (2.65±0.31) than that of sub-adults
(3.45±0.27) and adults (3.52±0.28). Spatial dietary variation was found to be
related to that of ontogenetic variation while temporal variation was found to be
minimal especially in sub-adults and adults. While the fishery largely targets age
1+ fish (sub-adults and adults), these results suggest that if overfishing occurs to
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the extent that it impacts recruitment, it may decrease the resiliency of the
inshore Gulf of Mexico ecosystem to eutrophication by decreasing the
abundance of juvenile fish seasonally present in this environment.
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CHAPTER I
INTRODUCTION
Menhaden in the Gulf of Mexico
Gulf Menhaden (Brevoortia patronus) are small estuarine clupeid fish
found in the shelf and inland waters of the Gulf of Mexico. They range from
Cape Sable, Florida to Veracruz, Mexico and tend to be most abundant from the
Florida Panhandle to eastern Texas (Vaughan et al. 2007). Due to their large
numbers and habit of schooling near the surface (Vaughan et al. 2000),
menhaden play multiple roles in the ecosystem as an obligate filter feeder
(Durbin & Durbin 1975, Friedland et al. 1984, Friedland 1985) and a main prey
item for many commercially and recreationally important species of fish , marine
mammals, and birds (McLean & Byrd 1991, Fertl & Wursig 1995, Scharf &
Schlight 2000). For this reason they serve as an important trophic link in the
food web (Deegan 1993).
Adult menhaden spawn in offshore shelf waters from late fall to early
spring and their larvae are brought into marsh creeks and estuaries by physical
oceanic events (Checkley et al. 1988). From early spring to summer, the
estuary serves as a nursery for larval menhaden as they metamorphose into
juveniles providing an area of temporary food availability (Friedland et al. 1989,
Deegan et al. 1990), a refuge from predation (Boesch & Turner 1984, Rozas &
Odum 1988), and an adequate physical environment (Deegan 1990). From May
to July, juvenile menhaden grow and move towards open bay habitat largely
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driven by changing plankton availability (Friedland & Haas 1988, Deegan 1990,
Friedland et al. 1996). In the fall, post-metamorphic sub-adult menhaden begin
emigration out of the bays and estuaries, the migration largely influenced by
temperature (Friedland & Haas 1988). Little seems to be known about the
factors effecting densities and distributions of adult menhaden once in the lower
bay and coastal waters.
Throughout their range, menhaden seem to be stratified by size, with the
smallest juveniles and sub-adults occupying the inner bays and tidal creeks and
the larger sub-adults and adults abundant in open waters (Friedland et al. 1996).
This may be due to the changing metabolic demands of the growing fish
(Deegan et al. 1990). Compared to Atlantic menhaden (Brevoortia tyrannus),
Gulf menhaden seem to show little organized migration along the northern Gulf
coast aside from seasonal onshore-offshore movement. Tagging studies have
revealed that the population rarely mixes across the Mississippi River delta
(Kroger & Pristas 1975, Pristas et al. 1976); however, differences between the
two eastern and western sub-stocks seem to be insignificant and so they are
managed as one biological stock. As the fish grow from larvae to juveniles to
adults there occur major ontogenetic shifts in the morphology of their general
feeding apparatus (Friedland et al. 2006). As larvae in offshore waters,
menhaden are selective omnivores feeding on individual planktonic particles and
focus increasingly on zooplankton as they grow (Govoni et al. 1983, Friedland et
al. 1996). This method of feeding continues until after the larvae enter the
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estuary. It is after larval to juvenile metamorphosis that the fish become obligate
filter feeders and as such have the potential to feed on smaller particles. This
opens up a large range of potential diet items, which can include anything of
appropriate size suspended in the water column, and complicates direct
observation of the ecological role of menhaden as realized trophic level may
change as they grow, or in response to spatial and temporal variability in prey
resources.
It has been suggested that menhaden (8. patronus and B. tyrannus) may
have the ability to influence local water quality via grazing effects on
phytoplankton, but this will be dependent on their specific feeding habits (Lynch
et al. 2010). If menhaden are able to filter and utilize large quantities of
phytoplankton that are seasonally abundant in the coastal waters of the northern
Gulf of Mexico, then they may have the ability to decrease the prevalence of
blooms that can be responsible for local eutrophication and hypoxic events.
Many studies have shown the importance of benthic filter feeders on
surrounding water quality (Cloern 1982, Cohen et al. 1984); however, the impact
of a mobile, short lived pelagic filter feeder such as menhaden is not clear.
Clarity on the ecological role of both Gulf and Atlantic menhaden is an important
issue as overfishing an ecologically important species can have broader
ecological effects in addition to traditional issues of fishery sustainability, such as
reducing the resilience of the coastal ecosystem to eutrophication .

4

Menhaden populations in both the Gulf of Mexico and the Atlantic support
a large commercial reduction fishery. The Gulf fishery is mainly operated out of
Mississippi and Louisiana with a majority of the catch coming from Louisiana
coastal waters (www.nmfs.noaa.gov). Landings of Gulf menhaden averaged
437,170 metric tons per year between 2005 and 2010 and represent 11% of all
U.S. landings and the largest catch by weight in the lower contiguous United
States. The fishery uses small aircraft to locate schools of menhaden, usually in
coastal waters, and captures the located fish using large purse seining vessels.
At dockside reduction factories located in Mississippi and Louisiana the fish are
off loaded and processed into fish oil and fish meal, which has various uses as
industrial lubricants, industrial additives, food supplements, fertilizers, and
agricultural feed (Smith 1991 ). A majority of the fish captured by this fishery in
the Gulf are age-1 or age-2 individuals (Vaughan et al. 2007). Recent trends in
the catch of Gulf Menhaden seem to suggest that the population is healthy. Yet
in the Atlantic, maximum age for 8 . tyrannus is thought to be as high as 12 years
suggesting the current population age structure is highly truncated, and data
suggest that Gulf Menhaden are beginning to show a decrease in population
fecundity (Vaughan et al. 2007). An improved understanding of the position of
Gulf Menhaden in the food web will aid in better management of the fishery and
the coastal ecosystem as a whole.
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Techniques for Dietary Analysis
Techniques for diet and food web analysis take many forms. Besides
direct observation of feeding behavior, which is generally only possible for large
terrestrial consumers (Scheel 1993), the most basic procedure is stomach
content analysis. While this is often the most straight forward method, prey
items often become disfigured or mangled during the feeding and digestion
process (Bowen 2000, Staniland 2002). For this reason, there is often much
uncertainly involved in prey identification and quantification from stomach
contents. Stomach content analysis, then, is most suited for studies involving
large, hard-bodied prey items that are readily identifiable. In addition, stomach
content analysis only gives researchers an idea of what a given consumer has
most recently eaten and so care must be taken when assuming prey items in the
stomach are regular diet items (or diet items at all) and the abundance of items
in the stomach as representative of longer term feeding patterns. In addition, an
individual consumer may store prey parts in the stomach for long periods of time
or may regurgitate food items during capture and so bias stomach content
analysis.
More recently researchers have begun using molecular techniques to
identify prey items (King et al. 2008), as well as more indirect means of dietary
analysis such as analysis of prey fatty acids and stable isotope ratios (Peterson
& Fry 1987, Iverson et al. 2004). These methods do not rely on many of the

assumptions and shortcomings of traditional stomach content analysis.
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Molecular techniques include obtaining DNA or RNA sequences from potential
prey items (or bar coding) and comparing them to those organisms found in the
diet of a given consumer (Harper et al. 2005, Hardy et al. 2010). This technique
allows for fairly specific taxonomic identification, depending on the gene
sequence used, and is becoming more powerful with increasingly complete
sequence data bases available. Yet, this technique still suffers from similar
limitations to gross analysis of diet content in that results are a snapshot of nonassimilated prey.
Fatty acid analysis is another alternative means of dietary study that
unlike diet analysis involves examination of both prey and consumer tissue. In
the marine food web, polyunsaturated fatty acids (PUFA's) originate from
primary producers such as phytoplankton or seagrasses and are passed along
to consumers. Fatty acid analysis is based on the fact that many consumers are
unable to synthesize or modify PUFA's de nova and so must attain them from
primary producers (Goulden & Place 1990, Brett & Muller-Navarra 1997). For
this reason PUFA's remain highly conserved and can be used as dietary
indicators of production sources in marine food webs (Lea et al. 2002, Bradshaw
et al. 2003, Rooker et al. 2006). Due to the unique nature of both DNA
sequences and PUFA's, these methods allow for the identification and
quantification of specific prey items in a consumers diet (Iverson et al. 2004,
King et al. 2008).
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Similar to fatty acid analysis, stable isotope analysis has a variety of uses
in the natural sciences due to the predictable fractionation of many isotopes in
nature (Peterson & Fry 1987). In particular, isotopes of carbon, nitrogen, sulfur,
oxygen, and hydrogen have proven to be informative because they have more
than one naturally occurring stable isotope and because they are readily found
in most natural systems (Fry 2006). Stable isotope ratios are measured using
mass spectrometry and given in standard delta (o) notation which is computed
by the following equation:
OX = [ (Rsamp1JRstandard)-1]
where Xis the isotope being measured (e.g.13C,

X

15

corresponding ratio of heavy to light isotopes (e.g.

3

10

N,
13

34

;

8) and R is the

C/12C,

15

N/1 4 N,

34

8/32 8) for

the sample being analyzed or for an established standard material. The
standards used for these measurements include PeeDee Beleminite for carbon,
atmospheric nitrogen, and sulfur from the Canyon Diablo meteorite.
Nitrogen and carbon isotopes have been most commonly used in dietary
and food web analysis to determine trophic positions of various organisms (Fry
1988, Kling et al. 1992, Vanderzanden et al. 1999) and the relative importance

of various production sources within a food web (Sullivan & Moncreiff 1990, Gu
et al. 2001, Darnaude et al. 2004) . Carbon is most useful in the determination of
nutrient sources at the base of the food web because of the relatively small
amount of enrichment (<1%o) that occurs between trophic levels while nitrogen
isotopes are a good indicator of trophic position because of the somewhat larger
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amount of enrichment (2-5%0) that occurs as nitrogen is passed up the food
chain (Peterson & Fry 1987) However, the fractionation of various isotopes may
vary based on sample preparation, tissue type, species examined, and diet so
care must be taken to acknowledge and test these potential sources of error and
fractionation (Pinnegar & Polunin 1999, Elsdon et al. 2010). Unlike the
molecular techniques and fatty acid analysis outlined above, specific prey items
generally cannot be identified using isotope analysis alone and so this technique
is more suited to address questions associated with broader trophic
differentiation, such as that of realized energy sources of filter feeding
planktivores like menhaden.
Study Objectives
The broad objective of this project is to examine trophic level and realized
trophic pathways of Gulf menhaden using stable isotope analysis taking into
account the key assumptions of isotope fractionation and sample preparation.
Chapter II will address the key assumptions associated with stable isotope
analysis as they relate to this question and attempt to understand the
comparability of Gulf menhaden samples prepared as both whole fish and
muscle samples and between the preparation techniques of chemical lipid
extraction and acid washing. In addition, this chapter will address the issue of
trophic fractionation and attempt to determine the extent of isotopic enrichment
seen in Gulf Menhaden. This information will then be utilized in Chapter Ill to
address the issue of diet and trophic level in Gulf menhaden. We will examine
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spatial, temporal, and ontogenetic dietary and trophic variation seen in Gulf
menhaden using carbon and nitrogen isotopes and attempt to gain a better
understanding of the specific diet of the fish in the context of ecosystem effects
and fisheries management implications.
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CHAPTER II
TESTING ASSUMPTIONS OF STABLE ISOTOPE ANALYSIS IN GULF
MENHADEN (BREVOORTIA PATRONUS)
Introduction
Stable isotope ratios of common life elements (H, C, N, 0, and S) are
useful in aquatic ecosystems for measuring trophic relationships and the relative
importance of different carbon sources to dominant consumers. Patterns in
these relationships can then be used for elucidating important relationships
between feeding and ecological patterns such as migration, diet shifts, or
seasonal variation in prey resources (Fry 1988, Hobson 1999, Darnaude et al.

2004). As modern advances in mass spectrometry allow researchers to
measure isotopic ratio values with ever increasing efficiency and ease, it has
become more important to standardize sample preparation and test major
assumptions associated with the preparation and interpretation of these data
(Post 2002).
The preparation of stable isotope samples is a multistep process that
changes based on the tissue being analyzed, as well as the size and species of
the organism. For instance, the decision of which bodily tissue to use in a
specific analysis is based on what tissues can be realistically collected from the
target organism and which tissues will best represent the time frame of interest
based on metabolic turnover rates. While muscle tissue is often utilized to
examine a longer time frame for an organism's diet, specific tissues such as the
liver are sometimes used as they have a higher turnover rate (MacNeil et al.
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2006, Buch heister & Latour 2010) and may better reflect diet at shorter time
scales. Further, organism size is an issue, as it is often difficult to collect
specific body tissues (white muscle, liver, etc.) from smaller organisms, and so
the whole organism is often used. Finally, in cases where non-lethal sample
collection is necessary, blood and even muscle tissue (with the use of a biopsy
punch) can often be collected without harming the organism, thus allowing
researchers to collect samples from endangered or at risk species (Burns et al.
1998, Gu et al. 2001 ). Issues regarding tissue choice for a species in question
must be rectified before comparable analyses can be completed.
Depending on the tissue chosen for a specific study, sample preparation
techniques, such as acid washing and/or chemical lipid extraction, may be
necessary to remove unwanted materials from the sample that often inflate
variability or introduce bias into the analysis. For instance, samples consisting
of whole organisms are generally washed in dilute hydrochloric acid (HCI) to
remove non-dietary inorganic carbonates which may be present in the
organisms tissues. These inorganic carbonates have been shown to enrich
carbon isotope ratios relative to the diet and so it is preferable to remove them
with dilute acid prior to analysis (Bunn et al. 1995, Pinnegar & Polunin 1999).
Lipids consist of long chains of carbon atoms and can be highly variable in
molecular composition. Additionally, they have been shown to be depleted of
heavy carbon isotopes in the tissues of an organism compared to its food source
(Sotiropoulos et al. 2004) and for this reason they are often removed from
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muscle or whole body samples when present in high amounts (Post et al. 2007).
Lipid extraction is conducted most often using methanol and chloroform or a
similar mixture as described by Bligh and Dyer (1959) and Ruiz et al. (2007).
Both acid washing and lipid extraction techniques are intended to improve
the comparison of carbon stable isotope ratios of consumers to their sources;
however, these chemical techniques have also been shown to introduce
variation and bias to the nitrogen isotope values (Pinnegar & Polunin 1999,
Sotiropoulos et al. 2004). The molecular pathway for the enrichment of the
nitrogen isotope ratio after treatment with HCI is unclear; however, the
enrichment of the nitrogen isotope ratio post chemical lipid extraction is largely
due to removal of muscle tissue closely associated with structural lipids
(Sotiropoulos et al. 2004). Both procedures can result in artificial enrichment of
the nitrogen isotope ratio . This issue becomes troublesome in light of recent
advances in mass spectrometry that allow dual measurement of carbon and
nitrogen isotope ratios on the same sample portion. It is often suggested that
separate samples be prepared for carbon and nitrogen isotope measurements,
utilizing the chemical procedures described above for carbon isotope
measurement and using unaltered tissue for nitrogen isotope measurement
(Pinnegar & Polunin 1999); however, there is no consensus as to whether this is
always necessary.
In addition, little is known about the comparison of samples for diet and
trophic level studies that utilize different tissues and different chemical
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preparation techniques. Schielke and Post (201 O) found that muscle samples of
fish were representative of whole fish when taken from individuals larger than 90
millimeters; however, no chemical preparation techniques were utilized.
Therefore no conclusions were drawn regarding the comparability of these
methods.
Beyond tissue selection and preparation, stable isotope studies make a
variety of assumptions regarding the data collected and it is important that these
assumptions are based on accurate and applicable information. One of the
major assumptions in food web and trophic studies is that of trophic
fractionation. It is known that carbon isotopes change very little as they are
traced between prey and consumers in a food web while nitrogen isotopes have
been shown to fractionate or enrich as they pass from one trophic level to the
next. For this reason nitrogen isotope values are often used as indicators of
trophic position (Peterson & Fry 1987). The fractionation factor of nitrogen
15

isotopes (~ N) is generally assumed to be about 3.2%0 per trophic level while
13

that of carbon isotopes (~ C) is <1%o (Minagawa & Wada 1984, Post 2002);
however, these values seem to vary between systems and species (Mccutchan
et al. 2003, Elsdon et al. 2010). Elsdon et al. (2010) found that fractionation
from prey to fish consumers ranged from 1.2 to 3.9%0 and 2.7 to 7 .8%0 for carbon
and nitrogen isotopes, respectively, and observed variability within a single
species based on diet.
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Values of trophic fractionation become important when incorporating
nitrogen isotope data into equations designed to determine the trophic level of
an organism relative to baseline primary producer values (Fry 1988, Post 2002,
Fredriksen 2003, Rooker et al. 2006), as well as in mixing models that predict
the relative importance of separate trophic pathways to a consumer (Fredriksen
2003, Parnell et al. 2010). Such analyses are incredibly useful in food web
studies for organizing nodes and defining connection strength between nodes,
and so it is important that the underlying assumptions are well tested.
The objectives of this preliminary work were to examine the comparability
of stable isotope data from whole fish and white muscle samples of Gulf
menhaden (Brevoortia patronus) and to determine the effects of the various
chemical preparation techniques associated with these tissue types (HCI wash
for whole fish and lipid extraction for white muscle samples). Further, I
attempted to determine the fractionation factor and tissue turnover rate of
nitrogen and carbon isotopes for Gulf menhaden in the laboratory to aid in
interpretation of comparable data from field-collected fish.
Methods

Tissue and Sample Preparation Comparison
Juvenile and small sub-adult fish were collected from a local pier in late
September 2011. Ten fish were selected (95-110 mm total length) and a dorsal
white muscle sample was collected from each . The remainder of these same
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fish were eviscerated and prepared as a whole body sample for comparison with
complementary muscle tissue samples.
All samples were freeze-dried for at least 48 hours and homogenized
using dissection scissors. Muscle and whole fish samples were then prepared
using acid washing and chemical lipid extraction techniques as described in
Figure 1. Samples were acid washed to remove inorganic carbonates by
immersion in 10% HCI for 2 hours, rinsed three times in deionized water, and
dried at 65°C before being stored in a desiccator for stable isotope analysis.
Lipids were removed by chemical lipid extractions using the method described
by Ruiz et al. (2007). Using this procedure, samples were immersed in a 1:2
dichloromethane:methanol bath for 3 hours, washed with pure methanol,
immersed in a second bath of 2: 1 dichloromethane:methanol, and washed a
final time with pure methanol before being dried at 65°C in a laboratory oven and
stored in a desiccator.
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Analyzefor613C and 615N

Whole Fish Sample

Muscle Sample

Unaltered Whole Fish

Figure 1. Treatment of the ten juvenile Gulf menhaden for stable isotope
procedural comparison.

A second group of 30 sub-adult and adult fish were selected from
collections along the Mississippi Gulf Coast (TL=144-259 mm), dorsal white
muscle samples were collected, and lipids removed from a portion of each
muscle sample once again utilizing the methods outlined by Ruiz et al. (2007).
Both extracted and non-extracted portions were analyzed for carbon and
nitrogen stable isotopes and the data used to formulate a correction for the
artificial enrichment generally observed in extracted

o15N values.

Multiple

regression procedures were used to examine the relationship between unaltered
15

0 N values to extracted
unaltered

o15N values.

o15 N and extracted C:N values in an attempt to predict

An independent sample of 15 fish (143-260 mm) was
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prepared in a similar way to test the accuracy of the correction equation on the

o15N values and the impact of the lipid extraction in the o13C and o15N values.
Sub-adult and adult fish were selected (as opposed to juveniles and small subadults used in the previous comparison) due to the fact that a majority of the fish
to which the correction will be applied are in this size range. Additionally, it is
assumed that larger fish possess higher lipid content and so the lipid extraction
techniques are more suited to such a size range (Deegan 1986).
Bartlett's test for homogeneity of variances was used to determine if
variance differed between tissue types and treatments. Differences in mean

o15 N

or o C values between tissues and treatments with k > 2 were examined
13

using repeated measures Analysis of Variance (ANOVA) procedures with a
Tukey's Honestly Significant Difference (THSD) post hoc test when ANOVA
results were found to be significant. Differences in mean

o15N or o13C values

between tissues and treatments when k = 2 were examined using a paired t-test.
All tests were conducted at a type-I error rate of 0.05.
Determination of Nitrogen and Carbon Isotopic Fractionation and Turnover

Menhaden were captured from a local pier and brought into the Gulf
Coast Research Laboratory's wet lab facility. They were allowed to acclimate in
source water for at least 24 hours and then transferred to circular tanks
(approximately 350 liters) with constant circular flow to promote feeding
behavior. A baseline subsample of 5-1O fish was harvested (Day 0) before the
start of the study and processed for stable isotope analysis. The remaining fish
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were fed a consistent diet of Instant Algae® Shellfish Diet 1800
(ReedMariculture Inc.), which is a mixture of lsochysis, Pavlova, Thalassiosira

weissflogii, and Tetraselmis and the physical environment of the mesocosm kept
as stable as possible with respects to dissolved oxygen, temperature, and
salinity. Subsamples of 3-5 fish were then harvested at regular intervals (Day 5,
10, 15, 20, 25, and 30) with the number of fish harvested and the intervals per
trial depending on the total number of fish .
After collection, juvenile fish ( S100mm total length, TL) were eviscerated
and processed whole while only dorsal white muscle tissue was processed for
sub-adults and adults (> 100mm TL). All samples were freeze-dried for at least
72 hours and homogenized to a fine powder using dissection scissors. Whole
fish samples were washed in 10% HCI for two hours then rinsed three times with
deionized water before being re-dried at 65°C, homogenized a second time, and
stored in a desiccator for carbon isotope analysis. Lipids were extracted from
muscle samples using the technique described by Ruiz et al. (2007) for carbon
isotope analysis as outlined in the previous section. Unaltered portions of all
samples were used for analysis of nitrogen isotopes due to variation in nitrogen
values caused by acid washing and lipid extraction (Pinnegar & Polunin 1999,
Sotiropoulos et al. 2004).
Samples of each bottle of Instant Algae® Shellfish Diet 1800 were also
prepared and analyzed for stable isotope analysis. Approximately 5-10 ml of the
concentrated mixture was freeze-dried for at least 48 hours, homogenized using
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a mortar and pestle, and stored in a desiccator until carbon and nitrogen isotope
analysis could be performed. Isotopic data for the fractionation and tissue
turnover portion of this study were analyzed using simple linear regression
procedures.
Isotopic Analysis

All stable isotope samples were analyzed with Continuous Flow Isotope
Ratio Mass Spectrometry (CF-IRMS) using a Costech Elemental Combustion
System coupled to a Thermo-Fisher Scientific Delta V Advantage Isotope Ratio
Mass Spectrometer at the Gulf Coast Research Laboratory's Stable Isotope
Facility. Isotope values are reported relative to established standards for each
element and expressed in standard delta per mil (o, %0) notation as described in
Chapter I. Samples were analyzed in duplicate and internal standards of
Acetanilide were used to verify instrumental accuracy.
Results
Tissue and Sample Preparation Comparison

In the first group of fish (TL= 95-110 mm), a significant difference was
found for both

o13C (F = 6.102, df = 4,36 p < 0.001) and o15N values (F = 101 .7,

df = 4,36, p < 0.001 ). Muscle samples were generally found to be enriched in
15

5 N as compared to values found in whole fish samples with the exception of
when whole fish samples were both acid washed and lipid extracted. This
difference in unaltered muscle sample compared to the whole fish was shown to
decrease with larger fish (Figure 1). Acid washed and/or lipid extracted samples
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were found to be enriched in

o15N as compared to unaltered portions within the

same tissue type (Table 1). Variability in isotopic values was not found to be
statistically different between all treatments and tissue types for both
0.958) and

o13C (p =

o15N (p = 0.963).

Table 1

o

o15

Summary of 13C and
N (±Standard Error) for stable isotope preparation
treatments of both whole fish and white muscle samples of Gulf menhaden.

N

Treatment

Tissue

Unaltered

Whole

-22.5 ± 0.27

11.9±0.17

10

Acid Wash

Whole

-22.7 ± 0.30

12.7 ± 0.14

10

Acid Wash, Lipid Extraction

Whole

-22.1 ± 0.34

13.1 ±0.19

10

Unaltered

Muscle

-22.8 ± 0.28

12.9 ± 0.17

10

Lipid Extraction

Muscle

-22.2 ± 0.17

13.7±0.13

10
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Figure 2. Difference in o15N values between unaltered muscle sample and whole
fish plotted over total length of fish.
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13

In terms of o C, unaltered whole fish samples were not found significantly
different from whole fish acid washed samples and whole fish acid washed/lipid
extracted samples. Unaltered muscle samples were found to be significantly
different from lipid extracted muscle samples. No significant difference was
found between unaltered whole fish samples and unaltered muscle samples or
between unaltered whole fish samples and lipid extracted muscle samples. A
majority of these statistically significance differences; however, were ultimately
not deemed to be biologically significant in terms of trophic level or food
sourcing.
Lipid content in the muscle samples of sub-adult and adult Gulf
menhaden tissue was found to be high and variable as determined using C:N as
a proxy for lipid content (Figure 3) and as compared to other inshore species.
C:N values for muscle tissue of speckled trout (Cynosion nebulosus) is shown in
this figure for comparison. Juvenile menhaden were found to have much lower
and more consistent C:N values than sub-adults and adults. To avoid exposing
the Mass Spectrometer to samples with high lipid content, we attempted to 'back
correct' extracted
15

o15N values of adult and sub-adult muscle samples to their

pre-extracted o N values as outlined in the Methods section of this chapter.
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Figure 3. C:N values for unaltered Gulf menhaden muscle tissue. Mean C:N of
speckled trout plotted for comparison

The relationship between extracted

o15N and C:N and unaltered o15N was

found to be significant (Figure 4) (p < 0.001) with an

r2 value of 0.582 though a

slight negative bias is observed in the residuals (Figure 5). The relationship is
explained by the equation below:

where

o15NMc is the o15N value for unaltered muscle tissue, o15 NME is the o15N

value for lipid extracted muscle tissue, and C:NME is the carbon to nitrogen ratio
of lipid extracted muscle tissue. This model was tested by preparing 15
additional menhaden muscle samples from fish not used in the model and
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15

comparing unaltered 5 N values to extracted o15 N values that were corrected
using the multiple linear regression equation above (Table 2).
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Table 2
13

15

Summary of 0 G and o N (±Standard Error) for Gulf menhaden muscle
samples used as a check for the multiple linear regression correction factor.

Treatment

Tissue

Unaltered

Muscle

-21.96 ± 0.32

12.30 ± 0.13 15

Lipid Extraction

Muscle

-20.20 ± 0.28

12.72 ± 0.14 15

Correction (MLR)

Muscle

n

12.15 ± 0.11

15

o15N values were found to be significantly different between unaltered, extracted
and, corrected groups (F = 53.848; df = 2,28; p < 0.001) with corrected values
being significantly more depleted than extracted values and only slightly more
depleted than unaltered values. Additionally, unaltered

o13C values were found

to be significantly more depleted than extracted values (t

= -4.789, df = 14, p <

0.001) for this size range of fish .
Determination of Nitrogen and Carbon Fractionation Factors and Turnover Rate

Two successful 30 day trials of this experiment were performed; however,
neither trial showed complete isotopic turnover of consumer tissue to that of the
food source. Trial 1 consisted of 24 sub-adult fish (except for 1 juvenile). Ten
fish died over the course of the study period and were not processed for analysis
to avoid biasing results. Those that were analyzed for stable isotope analysis for
this study (n = 14) ranged from 83-140 mm TL with a mean length of 119.2 mm.
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Fish showed very little change in carbon or nitrogen isotopic values with
respects to the food source over the course of the study (Figures 2 and 3).
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Figure 6. A scatter plot of o C values over the course of the study period for
Trial 1, sub-adult Gulf menhaden.
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Trial 1, sub-adult Gulf menhaden.
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Trial 2 consisted of 124 juvenile menhaden. Seventeen fish died over the
course of the study and were not processed for analysis. Those that were
analyzed for stable isotope analysis (n = 35) ranged from 64-97 mm TL with a
mean of 77.4 mm. For trial 2 fish! o 13C showed a slight enrichment away from
the food source (Figure 4) while o 15N values showed a slight depletion towards
that of the food source over the course of the study (Figure 5). Additionally, Trial
2 fish showed a strong decrease in percent carbon (%C) not observed in Trial 1
fish which resulted in a steady decrease in the Carbon to Nitrogen ratio (C:N)
over the course of the study (Figure 6).
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Discussion
Tissue and Sample Preparation Comparison
While the difference between acid washed and unaltered whole fish B13C
values was not found to be significant, there was slight depletion after acid
washing that may have been due to the presence of inorganic carbonates.
While Schielke and Post (2010) found that skin had little effect on isotope ratio
values, bone was still present in the samples and may have had some effect on
the isotope ratio values (Sholto-Douglas et al. 1991 ). Nonetheless, the slight
13

change in B C shown in this study would have very little effect on trophic or diet
estimations and would be difficult to separate from instrument error. This
suggests that acid washing is not a necessary step in the stable isotope sample
preparation technique for whole menhaden; however, it may be wise to include
the technique in whole fish sample preparation as body stoichioimetry (i.e. the
ratio of tissues within the body) may change with size (Pilati & Vanni 2007) and
influence the presence of inorganic carbonates. In addition, while B13C values of
unaltered whole fish samples were found to be significantly different from whole

.

fish samples that were lipid extracted, this difference seems to be biologically
insignificant in terms of food web analysis. Only a small difference (<1%o) was
13

found between B C unaltered muscle sample and lipid extracted muscle sample
for the group of smaller fish. This suggests that lipid content was low in the
juvenile fish used in this study. However, the significant difference between
unaltered and extracted B13C values for muscle samples of the group of sub-
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adult and adult fish suggests that fish of this size contain more lipids and so the
extraction is necessary. Additionally, the enrichment found between

o15N of the

unaltered, acid washed, and acid washed/lipid extracted whole fish samples and
between unaltered and lipid extracted muscle samples suggests that o13C and

o15N values should not be measured together and unaltered tissues should be
used for determining

o15N when possible.

mathematical correction for

Many researchers have used a

o13C values to account for the presence of lipids

allowing them to run unaltered tissues and avoid the artificial enrichment of o15 N
values (Mcconnaughey & McRoy 1979, Post et al. 2007). These studies utilize
the C:N ratio of the unaltered samples as a proxy for lipid content and the effect
of lipid content on the o13C. This method often saves on both sample
preparation time and cost and has been shown to give comparable results to
chemical lipid extraction (Post et al. 2007). However, since sub-adult and adult
Gulf menhaden were shown to possess high (and highly variable) lipid content
(Deegan 1986) and exposing the combustion system and mass spectrometer to
such samples with high lipid content is not favorable, sub-adult and adult fish
analyzed for the field portion of this study were subject to lipid extraction and run
for both

o13C and o15N.

Therefore, I have back-corrected

o15N values from

extracted muscle samples to their pre-extraction values to account for artificial
enrichment due to the extraction process using a multiple linear regression . This
method should help to reduce some of the bias introduced to the analysis by the
extraction process and ultimately improve the calculations of trophic level and
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relative dietary proportions. Fish of the sub-adult and adult size classes were
utilized for this analysis since this is the size class to which the correction will be
applied. Additionally, juvenile fish do not seem to possess a high enough lipid
content to warrant a need for such a correction. The slight negative bias to the
residuals suggests that we can expect the model to slightly underestimate the
true unaltered

o15N values.

However, even with this bias the predicted values

are a much better estimate than the raw extracted

o15N values.

As for comparison of o N values between whole fish and muscle tissue
15

the acid washed/lipid extracted treatments of whole fish were most comparable
to muscle samples (both unaltered and extracted). However, it is important to
keep in mind that while these preparation techniques may be most similar to
each other in terms of

o15N isotopic values, the extended chemical preparation

of the whole fish samples (acid washed/lipid extracted) may result in
compounding enrichment with respects to the unaltered tissue as each of these
preparation techniques were show to enrich

o15N values relative to unaltered

portions of tissue when run independently (Pinnegar & Polunin 1999,
Sotiropoulos et al. 2004). In addition, we know that using muscle ·samples from
smaller fish (<90mm TL) may introduce a positive bias relative to the food
source (Schielke & Post 2010). While the fish used in this portion of the study
were just above the minimum length suggested for use of muscle samples, the
enriched

o15N of the muscle samples compared to the whole fish

in Table 1 may

still be a result of this positive bias. This is supported by the decrease in this
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bias observed with increasing total length and suggests that the minimum length
for muscle sample analysis determined by Schielke and Post (2010) is species
specific. Additionally, variability in both carbon and nitrogen isotope values was
not significantly different between tissue types as has been shown by other
authors (Pinnegar & Polunin 1999).
In the study outlined in Chapter Ill of this report, juvenile menhaden (~100
mm TL) were processed as whole fish samples based on the above analysis.
Those samples processed for

o13C values were acid washed to account for any

effects of inorganic carbonates, mainly bicarbonate, while those processed for

o15N values will

remain unaltered to avoid the artificial enrichment observed

above. In addition, sub-adult and adult menhaden ( > 100 mm TL) were
processed as whole muscle samples. Samples for both

o13C and o15N values

were treated with a chemical lipid extraction and the nitrogen isotope ratios
back-corrected to their pre-extraction values with the equation outlined here. As
for a comparison between fish processed as whole versus a white muscle
sample, it is difficult to draw certain conclusions regarding the enrichment of the
muscle tissue

o15N values since only a small size range of fish was used to

compare these sample types. However, the fact that I observed a decrease in
positive bias between muscle and whole fish samples suggest that fish larger
than those used in the study may be processed as a muscle sample while fish of
the same size or smaller should be processed whole.
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Determination of Nitrogen and Carbon Fractionation Factors and Turnover Rate

I am unsure as to why the fish in this study did not conform to the isotopic
values of their sole food source during the course of the trial. The data suggest
a low or non-existent assimilation of the phytoplankton food source provided, yet
because mortality was relatively low, it seems that the fish were in some way
able to account for basal metabolism. This may have been accomplished either
by utilizing only a small amount of the food source or by taking advantage of lipid
stores. Studies have shown that when organisms are malnourished or starving,
internal isotopic recycling may occur resulting in enriched nitrogen values
(Hobson et al. 1993). The decrease in C:N observed during the course of the
study suggests a steady decrease in lipid content; however, enriched nitrogen
values were not observed which would have suggested starvation. It is possible
that if the study period had been longer I may have observed nitrogen
enrichment once lipid stores ran out and muscle tissue was broken down.
However, malnourishment may not have been the result of complete starvation
but possibly a decrease in nutritional value of the food source compared to that
the natural food source(s) of the organism. Menhaden are thought to be (at
least to some extend) omnivorous so it is possible that a diet composed of only
phytoplankton may have resulted in malnourishment. Additionally, the general
stress of the fish as a result of the laboratory environment may have caused
them to simply not grow and lay down muscle tissue as a healthy fish normally
would.
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Due to the fact that I was unable to determine trophic fractionation factors
for carbon and nitrogen isotopes in laboratory for Gulf menhaden, values based
on published results must be used for trophic level calculations. As outlined
above, traditional trophic enrichment factors of approximately 3.2%0 and 0.4%o
have been used for nitrogen and carbon isotopes respectively (Macko et al.
1982, Minagawa & Wada 1984, Peterson & Fry 1987, Post 2002); however,
these studies encompass a wide variety of organisms in different environments
utilizing different feeding strategies. When choosing trophic fractionation factors,
it is important to consider, if possible, a variety of issues including taxonomic
relationship of the organism, size and developmental stage, feeding strategy
(herbivore, carnivore, omnivore, etc.), and the tissues being used for analysis as
all of these have all been shown to effect trophic enrichment of isotopes
(Mccutchan et al. 2003, Buch heister & Latour 2010).
To my knowledge, no other work has been done to determine precise
trophic fractionation factors for any Clupeids; however, much work has been
done relating to the non-species specific variables that may impact trophic
fractionation. Elsdon et al. (2010) found that plant based food sources showed a
15

larger o N enrichment than animal based food sources with higher trophic level
prey showing the smallest trophic enrichment. This pattern has been seen
elsewhere as outlined by Mccutchan et al. (2003) and seems to be a result of an
increase in the C:N ratio of the food sources. Studies by both Webb, Hedges,
and Simpson (1998) and Adams and Sterner (2000) found that consumers
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feeding only on plant based food items showed increasingly higher nitrogen
fractionation with increasing C:N of the food source.
While a species specific trophic fractionation factors for Gulf menhaden
would be the best option, one is not available. However, due to the fact that
menhaden seem to be, at least to some extent, omnivorous (Durbin et al. 1981,
Durbin & Durbin 1983, Castillo-Rivera et al. 1996), fraction factors most likely
change depending on the food source utilized by the fish and so using averaged
trophic enrichment values from the literature is probably a sound alternative
(Mccutchan et al. 2003) . Additionally, it is important to keep in mind that
differing trophic enrichment factors will not affect the relationship between
individual fish or groupings of fish as long as the same value is used. This
allows us to gain an understanding of relative spatial, temporal, and ontogenetic
trophic variation seen in the Gulf menhaden population regardless of the specific
trophic enrichment factor chosen. Also, we are able adjust the trophic
enrichment factor post hoc so that determined trophic positions agree with
calculated mixing model results and other published data regarding Gulf
menhaden diets. After experimenting with a range of published values in initial
mixing model and trophic level calculations (outlined in Chapter Ill) trophic
enrichment values of 2.3±0.18 and 0.4±0.12 fort:,, 15N and t:,, 13C published by
Mccutchan et al. (2003) seem to be the best estimate for Gulf menhaden and
Will be utilized for the remainder of the study.

35

CHAPTER Ill
THE TROPHIC ROLE OF GULF MENHADEN (BREVOORTIA PATRONUS) IN

THE GULF OF MEXICO
Introduction
Gulf menhaden (Brevoortia patronus) are obligate filter-feeders that
occupy estuarine and marine pelagic habitats. Both Atlantic (Brevoortia.

tyrannus) and Gulf menhaden have been shown to be capable of filtering a
variety of planktonic particles as food, including various forms of detritus,
phytoplankton and zooplankton (Deegan et al. 1990, Friedland et al. 2006).
However, most available data are for Atlantic menhaden and are largely based
on gut content analysis, which relies heavily on the assumption that what is
found in the stomach is in fact metabolically important (Darnell 1961, June &
Carlson 1971, Jeffries 1975, Castillo-Rivera et al. 1996). There is a need to
understand species specific feeding dynamics of Gulf menhaden, as well as a
need to explore more informative tools for the examination of diet. As outlined in
the Chapter I, gut content analysis tends to be most informative for the study of
directly selective predators, such as piscivorous fish, as prey are less variable
and more easily identified post-ingestion. In contrast, obligate filter feeders may
consume a wide variety of potential food items when feeding and utilize indirect
means of selection such as increasing swimming speed in response to preferred
prey, differential retention efficiency, and selective digestion (Durbin & Durbin
1975, Friedland et al. 1984, Friedland et al. 2005).
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There is a large amount of indirect and sometimes contradictory data for
the feeding preferences of Atlantic menhaden. Durbin and Durbin (1975)
determined a minimum threshold for filterable particle size for adults to be 13-16
µm, and found that retention efficiency of particles was highest for particles
larger than 27 µm, but that it changed with fish size. Friedland et al. (2005)
reported that cyanobacteria found in the gut were not metabolized by Atlantic
menhaden, but instead passed through the alimentary tract alive. Durbin et al.
(1981) observed that adult Atlantic menhaden increased swimming speed in the
presence of phytoplankton and assumed this behavioral response to be a good
indicator of feeding preference. However, Durbin et al. (1983) went on to
construct an energy budget for Atlantic menhaden and predicted that
phytoplankton could not be the sole nutrient source based on a comparison of
total menhaden consumption to total primary production in Narragansett Bay.
Friedland et al. (1984), using smaller fish and taking into consideration potential
clogging effects of detritus on the gill-rakers, determined the minimum size
range of filterable particles to be 7-9 µm and a maximum filtration efficiency to
occur at approximately 100 µm. More recently, Friedland et al. (2006) analyzed
the spacing of gill arches, gill rakers, and branchiospinules of Atlantic menhaden
and found ontogenetic shifting between 100 mm and 200 mm fork length ( =116
mm and 231 mm TL). These data suggest that Atlantic menhaden juveniles are
able to efficiently feed on a smaller range of plankton than previously thought.
For juveniles they also found a general increase in spacing with latitude.
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Overall, these studies indicate some preferential feeding in Atlantic menhaden,
but the relative importance of the various prey functional groups remains unclear
and none of this work involved a comparison of Atlantic and Gulf menhaden.
Additionally, many of the methods previously discussed do not definitively
demonstrate that particles filtered are metabolically assimilated into the tissues
of the fish, nor do they consistently identify the type of particle (detritus,
phytoplankton, or zooplankton) as planktonic organisms frequently lack hard
body parts and quickly become unidentifiable in the alimentary canal. Instead
most of the above cited work is dependent on indirect observations that assume
that factors such as particle availability, size and shape of particle, and varying
size/age of the fish at a given location are indicators of the diet of the fish.
Stable isotope analysis has been used successfully to estimate the type
of prey retained, ingested, and metabolized into the tissues of filter feeding
consumers (Peterson et al. 1986, Peterson & Howarth 1987, Deegan et al.
1990). Using carbon, nitrogen, and sulfur stable isotopes, Peterson and
Howarth (1987) were able to determine the relative importance of plankton and
Spartina detritus to a variety of salt-marsh organisms near Sapelo Island,
Georgia including filter feeders such as the ribbed muscle ( Geukensia demissa),
eastern oyster ( Crassostrea virginica), and Atlantic menhaden. Menhaden were
shown to rely largely on plankton with some potential Spartina input; however,
mixing models were not used to determine precise estimates of relative dietary
contribution. Deegan et al. (1990) utilized stable carbon, nitrogen, and sulfur
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isotopes to examine the role of vascular plant detritus in the diet of Gulf
menhaden in Fourleague Bay, Louisiana; however, due to abnormally high
nitrogen isotope values the researchers were unable to determine with precision
the trophic level of the fish . In addition, there was no distinction made between
phytoplankton and zooplankton. Nonetheless, the research did suggest that
juvenile Gulf menhaden have the ability to digest plant-based detritus and that
both detritus and plankton play a significant role in the diet of the fish during their
residency period in the estuary.
There may also be important differences between Gulf and Atlantic
menhaden that would impact their specific roles in the ecosystem as filter
feeders. With the exception of Deegan et al. (1990) and Castillo-Rivera et al.
(1996), nearly all work on menhaden feeding has utilized Atlantic menhaden as
their study subject. There is some discrepancy as to whether or not conclusions
reached about Atlantic menhaden are also true for Gulf menhaden . Atlantic and
Gulf menhaden are exposed to different environments and differing food sources
and are known to be physiologically different (Ahrenholz 1991 ). Atlantic
menhaden are larger, have a longer life span, and mature later than Gulf
menhaden (Ahrenholz 1991 ). In addition, Gulf menhaden do not show the
extensive coast wide seasonal migration seen in the Atlantic menhaden stock
(Ahrenholz 1991 ). In light of these differences, it is important to examine
Whether the trophic relationships for the two species are similar enough to allow
for a complete transference of data from one species to the other. Nonetheless,
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the fisheries in the Gulf and the Atlantic operate in a very similar manner with
many of the same interest groups utilizing the same fishing techniques.
However, with recent restrictions and closures put on the menhaden reduction
fishery in the Atlantic, it is possible that fishing pressure could increase in the
Gulf. It is therefore becoming very important to base managerial decisions on
species specific information especially relating to the dietary and trophic roles of
the fish.
Study Objectives
The objectives of the present study were to examine spatial, temporal,
and ontogenetic differences in carbon and nitrogen stable isotopes of Gulf
menhaden in relation to each other and to potential food sources (zooplankton,
phytoplankton, and vascular plant detritus) and to comment on food web
dynamics and the realized trophic role of the organism with respects to their
potential ecosystem services as a filter feeder in the Mississippi coastal
ecosystem.
Methods
Study Location
Plankton and menhaden samples were collected monthly from June to
August 2010 and March to September 2011 at three study regions along the
Mississippi coast in the Northern Gulf of Mexico: West Pascagoula River (WPR),
Biloxi Back Bay (BB), and Bay Saint Louis (BSL). Within each region, samples
were collected systematically from near shore out to the adjacent portions
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(strata) of Mississippi Sound with a variety of methods including fishery
dependent and fishery independent sampling (Figure 11 ). A fishery-dependent
sample of Gulf menhaden was collected by dock sampling of the commercial
menhaden fishery in Moss Point, Mississippi by personnel from the National
Oceanic and Atmospheric Administration and on the water by personnel from
the Mississippi Department of Marine Resources. Fishery independent sampling
was conducted utilizing a stratified random sampling design by region with
sampling locations randomly selected inside each bay strata and in the adjacent
sound strata each month. Additional sampling at a selected site along the
immediate shoreline of each bay (Dock strata) was conducted to target smaller
sized fish.

Jackson County

Hamson County

Figure 11. A map of the study area along the Mississippi coast in the northern
Gulf of Mexico showing the three study sites (Bay Saint Louis, Biloxi Back Bay,
and West Pascagoula River) along with the three regions (Dock, Bay, and
Sound) within each site which occur systematically farther away from shore.
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sample Collection and Preparation
At each random sampling location within the bay and sound strata, fish
were collected with a 150 meter monofilament gill net rigged with additional
plastic floats on the float line (in addition to the floats already present) to raise
the net from the bottom. This was an attempt to aid in the capture of menhaden
in the upper water column and to avoid the capture of demersal species not
being targeted. Gill nets were set in greater than 3 meters of water when
possible and allowed to soak tor 1 hour. Dock sampling was conducted with a
cast net (2 meters diameter) to capture smaller sized fish, as gill nets and fishery
dependent sampling preferentially captured larger sized fish farther from shore.
A subsample of fish (n

= 5) were randomly selected from each sampling

event and total length recorded. Juvenile fish ( :5100mm) were eviscerated and
processed whole, while for sub-adult and adult fish (> 100mm) a dorsal muscle
sample was excised and processed for isotope analysis (Schielke & Post 2010).
Skin and bones were carefully removed from white muscle samples and both
white muscle and whole fish samples rinsed with deionized water to remove
blood and other bodily fluids that can affect stable isotope values (Pinnegar &
Polunin 1999). The samples were then freeze-dried and homogenized using a
Sorvall Omni-mixer, mortar and pestle, and/or scissors.
Whole homogenized fish were washed in 10% HCI for 2 hours followed
by three washes in deionized water to remove inorganic carbonates as they are
enriched compared to organic carbon in muscle tissues (Pinnegar & Polunin
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1999). Lipids were extracted from muscle samples because they are depleted in
13c

compared to the diet of the consumer and can introduce bias in analysis of

isotope data (Post et al. 2007). The method used for lipid extraction is described
by Ruiz et al. (2007). As outlined in Chapter II, acid washed portions of whole
fish tissue Uuvenile fish) were utilized for carbon isotope analysis while non-acid
washed portions of whole fish were utilized for nitrogen isotope analysis. Lipid
extracted white muscle tissue (for sub-adult and adult fish) was utilized for both
carbon and nitrogen isotope analysis; and

o15N values were then 'back

corrected' using the multiple linear regression correction outlined in Chapter 11 to
pre-extraction values.
Prey sampling was conducted in conjunction with the fishery-independent
menhaden sampling. Triplicate plankton samples were collected in the
immediate vicinity of each gill net in the bay and sound strata of each region.
For dock strata, plankton samples were collected at the same location as the
fish. When sampling from a boat (bay and sound strata samples), samples were
collected from 2-4 minute oblique tows of 200 and 63 µm plankton nets.
Captured samples were then separated into three size fractions (>355 µm , 35521 2 µm, and 212-63 µm) with 355, 212, and 63 µm sieves. An additional 63-20
µm size fraction was collected by pumping 19-38 liters of water from
approximately 1 meter depth through stacked 63 and 20 µm sieves. When
sampling from a pier (dock strata samples), all size fractions were collected by
pumping water through stacked sieves. For the three largest size fractions 38-
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75 liters of water were pumped and for the smallest size fraction 19-38 liters was
pumped; however, larger size fractions were rarely collected in large enough
volume at dock sites for stable isotope analysis as zooplankton have been show
to be scarce in nearshore marsh habitats (Jeffries 1975). Plankton samples
were frozen and stored at o c until preparation for isotope analysis. Samples of
0

Juncus roemerianus were also collected from the study sites as this is generally
considered to be the dominant marsh grass and detrital source of Mississippi
Gulf coast estuaries (Hackney & Haines 1980). Additionally, it is very similar in
isotopic composition to upland plants (which were also shown to impact these
nearshore food webs) due to the similarity of photosynthetic pathways (both use
the C3 method of photosynthesis) and so was chosen to represent a model
detrital source. Isotope values will represent both Juncus and upland plant
sources in analysis of diet. Other isotopically unique marsh plants such as

Spartina alterniflora (which utilize the C4 method of photosynthesis) have been
shown to represent detrital sources ingested by Gulf menhaden in other areas
(Deegan et al. 1990); however, these were excluded from the model for
simplicity.
Plankton samples were concentrated by centrifugation and washed in
10% HCI for two hours followed by three washes in deionized water according to
the procedure outlined by Chanton and Lewis (1999). Juncus samples were
briefly rinsed with 10% HCI to remove salts followed by a thorough rinse with
deionized water. Both plankton and Juncus samples were then dried for at least
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48 hours at 65° Cina laboratory oven, homogenized using a mortar and pestle
and/or Wiley® Mill, and stored in a dessicator until analysis.
In addition, a subsample of non-acid washed plankton was taken prior to
drying, stored in 10% buffered formalin and examined to determine the basic
composition of the various size fractions. For 355, 212, and 63 µm fractions,
concentrated samples were diluted in deionized water and up to 10 ml examined
and quantified at 10-60x magnification using a Leica MZ95 dissection
microscope. For 20 µm fractions, concentrated samples were once again
diluted in deionized water and up to 1 ml was examined and quantified at 100400x magnification using an Olympus BX51 compound light microscope.
\

Additionally, reference consumer groups were sampled to provide a
comparison isotope signature to Gulf menhaden. Bay anchovy (Anchoa
mitchil/J) were collected in Mississippi Sound adjacent to Biloxi Back Bay with a

4.5 meter otter trawl in May of 2011 and eastern oyster ( Crassostrae virginica)
were collected at Marsh Point in Biloxi Back Bay with a 12 prong half dredge in
January of 2011. These organisms have well documented feeding behavior
(Johnson et al. 1990, Newell 2004) and were col lected for trophic comparison of
Gulf menhaden with an obligate zooplanktivore (anchovy) and an obligate
herbivore (oyster).
Bay anchovy were processed whole in the manner outlined above for
juvenile menhaden. Oysters were removed from their shells and rinsed with
10% HCI followed by a thorough rinse with deionized water. They were then
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freeze dried and the whole organism homogenized using a Wiley® Mill. The
samples were washed in 10% HCI for 2 hours followed by three washes in
deionized water to remove inorganic carbonates. Oyster tissue was once again
acid washed to remove inorganic carbonates and utilized for carbon isotope
analysis while an unaltered portion was saved and utilized for nitrogen isotope
analysis.

Isotope Analysis and Statistical Procedures
All samples were analyzed using continuous flow isotope ratio mass
spectrometry (CF-IRMS) with a Costech Elemental Combustion System coupled
to a Thermo-Fisher Scientific Delta V Advantage Isotope Ratio Mass
Spectrometer at the Gulf Coast Research Laboratory's stable isotope facility.
Isotope values are reported relative to established standards for each element
and expressed in standard delta (o, %0) notation as described in Chapter I.
Samples were analyzed in duplicate and internal standards of Acetanilide were
used to verify instrumental accuracy.
Ontogenetic, spatial, and temporal differences in raw stable isotope ratios
for both carbon and nitrogen were examined with a mixed model ANOVA or a
nonparametric Kruskal-Wallis Test when ANOVA assumptions were not met.
Results were deemed significant at a = 0.05. If found to be significant, a post
hoc Tukey's Honestly Significant Difference Test (THSD) or Nonparametric
THSD by rank (using the Dunn's method when samples sizes were not found to
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be equal) was utilized to examine in which size class, region, or month
differences occurred.
The functional trophic level of Gulf menhaden was estimated with the
following equation:
15

Trophic Level = 1 + (8
15

where 8

Nconsumer

15

is the 8

N

Nconsumer -

8

15

Navg. primary producer)
15

(%0) of the consumer, 8

I FF

Navg. primary producer

is the

baseline or average 815N (%0) of the primary producers (phytoplankton/detritus,
15

represented by the 63-20 micrometer size fraction), and FF is 6. N (%0) or the
isotopic fractionation factor between trophic levels (Fredriksen 2003, Rooker et
al. 2006). The trophic fractionation factor for nitrogen isotopes utilized in this
study is 2.3%0 (Mccutchan et al. 2003). An explanation for the use of this value
is outlined in Chapter 11.
To determine the importance of various food sources available to Gulf
menhaden, a Bayesian isotopic mixing model was applied using the program
Stable Isotope Analysis in R (SIAR, http://cran .r-project.org). Various models
have been utilized with stable isotope data (Mcconnaughey & McRoy 1979,
Fredriksen 2003, Bond & Diamond 2011 ); however, the Bayesian approach
allows for incorporation of multiple sources of variability and, at the same time,
multiple dietary sources ultimately generating potential dietary solutions as true
probability distributions (Parnell et al. 2010). In the mixing model program used
for this study, posterior distributions were calculated with a Monte Carlo
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approach with 1 million iterations per run, thinned by 300 per run, and an initial
discard (burn in) of 400,000 per run.
Broad comparisons of trophic structure of the three size classes of
menhaden were also conducted with three metrics bases on multivariate
variability and range of the o13C and

o15N values for menhaden (Layman et al.

2007a). The use of such metrics is becoming increasingly popular for
assessment of both community wide and population wide trophic structure
based on stable isotope data (Bearhop et al. 2004, Layman et al. 2007a,
Layman et al. 2007b, Olsson et al. 2009, Quevedo et al. 2009). These metrics
include trophic range (TR},

o13C range (CR), and total bi-plot (or convex hull)

area (TA). TR is defined as the distance between the two individuals within a
population with the highest and lowest trophic levels (trophic levels are
calculated as outlined above) and is used as a representation of vertical
structure or trophic variability seen in the population while CR is defined as the
distance between the two individuals with the most enriched and most depleted

o13C values and represents the diversity of basal resources utilized.

TA is the

13

area encompassed by all individuals in a population in i5 C-trophic level bi-plot
space and provides a measure of the total area of niche space occupied by
these organisms. These metric were calculated using the SIAR statistical
program described above. When examined along with the Bayesian mixing
model results and trophic level calculations these metrics give us a unique view
of differing population structure between the size classes of fish and may
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elucidate or emphasize relationships not seen with the previous analysis
techn iques.
Results
Variation in Plankton Samples
Plankton

o13 C values were found to be slightly different between size

fractions (H = 10.502, df = 3; p

=0.015), with the 355 µm size fraction being

more enriched than the 20 µm size fraction. The observed difference between
these two size fractions was <1%o and I attribute this to trophic enrichment.
Median o N values were also found to be significantly different between size
15

fractions (H

= 148.494; df = 3; p < 0.001) with 355 µm more enriched than 63 µm

and 20 µm, 212 µm was more enriched than 63 µm and 20 µm, and 63 µm more
enriched than 20 µm (Figure 12).

11
10

;I;

9

>-+

8

z

"'
- GO

7

+

6

•

5
4

3
-28

-27

-26

-25

-24

-23

-22

8 13c

•••
~

A

355µm plankton (Zooplankton)
212µm plankton
63µm plankton
20µm plankton (Phytoplankton)
Juncus~errestnal detritu,

Figure 12. A scatter plot of o13C and o15 N values (±standard error) of fou r size
fractions of plankton. Isotope values of Juncus are shown for comparison.
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The

o15N enrichment observed between the 20 µm and the 355 µm size

tractions of plankton once again suggest trophic enrichment and based on direct
microscopic observations of a subset of these size fractions (Table 3) I assume
that the 20 µm size fraction is largely comprised of phytoplankton while the 355
µm size fraction is largely comprised of zooplankton. The 63 µm and 212 µm
size fractions represent a relative grade of decreasing phytoplankton content
and increasing zooplankton content as plankton size increases. The dominant
zooplankton species were found to be copepods with ichthyoplankton present in
small amounts and only in samples >355µm. The dominant phytoplankton
species were centric diatoms followed by dinoflagelates. Zooplankton found in
the smaller size fractions were generally copepod nauplii. Other plankton
species present, though generally in insignificant numbers, included pennate
diatoms (63µm and 20 µm size fractions) , cladocerans (355 µm and 212 µm size
fraction) , and rotifers (212 µm size fraction) . Amorphous detritus was present in
all plankton samples examined but a higher concentration was observed in the
smaller size classes (63 and 20µm) . I will focus on the 20 µm and the 355 µm
size fractions for the remainder of this analysis as these sizes represented the
closest representations to pure phytoplankton and pure zooplankton and will
give the most accurate depictions of dietary breakdown in the mixing models.
Additionally, little to no spatial and temporal variation was observed in the 63 µm
and 212 µm size fractions.
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Table 3
Percent of phytoplankton and zooplankton observed in the various size fractions
of plankton samples collected.

Percent
Zooplankton

Percent
Amorphous
Phytoplankton Detritus
Present?

n

355µm

100

212µm

71.7

28.3

Yes

5

63µm

4.9

95.1

Yes

5

20µm

0.6

99.4 Yes

5

O Yes

5

Within the 20 µm size fraction, o13C values were found to be significantly
different between sites (F

= 11 .277; df = 2, 65; p < 0.001) with BSL being more

depleted than both BB and WPR and BB being more depleted than WPR. Mean
15

0 N values were found to be significantly different between sites (F = 3.656; df

=2, 65; p =0.031) with WPR showing slightly more enrichment than BSL
(Figure 13).
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13

15

Between strata (dock, bay, and sound) mean

o13C was found to be significantly

different (F = 5.6947; df = 2, 65; p = 0.005) with sound strata showing more
enrichment than both bay and dock strata. Mean
be significantly different between strata (F

o15N values were also found to

= 8.176; df = 2, 65; p < 0.001) with

dock strata being more depleted than both bay and sound strata (Figure 14).
Note that I was unable to collect 20 µm plankton samples from the offshore
strata. During the months of April to August both
0.3755) and

o13C (F = 1.077; df = 4, 62; p =

o15N (F = 2.129; df = 4, 62; p = 0.08779) values were not found to

be significantly different for 20 µm plankton (Figure 15). It should be noted that
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a much smaller sample size was collected for April and May samples (n = 3 for

= 17), July (n =21 ), and August (n =23).

each) as compared to June (n
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Figure 14. A scatter plot of 5 C and 5 N values (±standard error) for 355 µm
and 20 µm plankton size fractions between the strata Dock, Bay, Sound, and
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no 20 µm plankton was collected in the Offshore strata.)
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Within the 355 µm size fraction of plankton mean
significantly different between sites (H

o13C values were

= 15.455; df = 2; p < 0.001) with BSL

being more depleted than both BB and WPR. Median
found significantly different between these sites (H

o15N values were not

=0.352; df = 2; p =0.839)

(Figure 13). Between strata (bay, sound, and offshore)

o13C was found to be

significantly different (H = 14.914; df = 2; p < 0.001) with bay strata being more
depleted than sound and offshore strata. Median

o15N was also found to be

significantly different between these three strata (H

= 16.822; df = 2; p < 0.001)
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with bay being more depleted than both sound strata and offshore strata and
sound being more depleted than offshore strata (Figure 14). During the months
of June, July, and August both
2.948; df

o13C (H = 4.103; df = 2; p = 0.129) and o15N (H =

= 2; p = 0.229) were not found to be significantly different (Figure 15).

Note that I was unable to collect 355 µm plankton samples from the dock strata.
Menhaden Ontogenetic Variation
Median

o13C values for menhaden were found to be significantly different

between size classes (H

=77.91; df = 2; p < 0.001) with juveniles being more

depleted compared to sub-adult and adult fish . Median

o15N values were found

to be significantly different between juvenile, sub-adult and adult menhaden (H =
126.401 ; df = 2; p < 0.001) with juveniles being more depleted than sub-adults
and adults and adults being more depleted than sub-adults. Median

o15N values

of sub-adult and adult fish were more similar to each other than to juvenile fish
(Figure 16).
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Menhaden Spatial Variation

When all size classes were grouped 5 13C values were found to be
significantly different between sites (H = 7.348; df = 2; p = 0.025) with WPR
being more enriched than BB. Median 5 15N values were not significantly
13

different between sites (H = 4.758; df = 2; p = 0.093). Juvenile 5 C values were
found to be significantly different between sites (H

= 15.292; df =2; p < 0.001)
15

with BSL being more depleted than both WPR and BB. Juvenile 5 N values
were found to be significantly different between sites (F = 5.952; df = 2, 55; p =
0.005) with BSL being more depleted than BB. Sub-adult 5 13C values were
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found to be different between sites (H

= 14.621 ; df = 2 ; p < 0.001) with WPR

being more enriched than BB. Sub-adult o15N values were also found to be
significantly different between sites (H

= 17.763; df = 2; p < 0.001) with BB being
o13C values were not found to be

more enriched than BSL and WPR. Adult fish
significantly different between sites (F

= 0.842; df = 2 , 51 ; p = 0.437); however,

o15 N values were found to be significantly different (F = 5.148; df = 2, 51 ; p =
0.009) with BB being more enriched than BSL (Figure 17).
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(BB), and West Pascagoula River (WPR).
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With both sub-adults and adults grouped

o13C and o15N values were

found to be significantly different between the bay and sound strata (o 13C-U =
1134; p < 0.001 ; o N-U
15

= 1643; p = 0.037).

Sub-adult

o13C values were also

found to be significantly more depleted in the bay strata compared to the sound
strata (t

= -3.747; df = 66; p < 0.001 ).

Sub-adult o15N values were found to be

slightly more enriched in the Bay strata than the sound strata (t
p = 0.01 ). Adult

= 2.641 ; df = 66;

o13C values showed a similar pattern as that seen in sub-adults

with fish collected from the bay strata being more depleted than those collected
from the sound strata (t = -3.296; df = 62; p

= 0.002); however, o15N values were

not found to be significantly different between strata (t = -0.402; df = 62; p

=

0.689) (Figure 18). Note that juvenile fish we re only collected in the dock strata
and not collected in the bay or sound strata. Conversely, sub-adult and adult
fish were, for the most part, not collected in the dock strata and only collected in
the bay and sound strata. Juvenile fish (dock strata) are shown in Figure 18 for
comparison .
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Menhaden Temporal Variation
When all size classes were grouped median

o13C and o15N values were

not significantly different between months (June, July, and August) (o13C-H =
1.582; df = 2; p = 0.453; o 15N- H = 2.001; df = 2; p = 0.368). Juvenile menhaden
13

0 C were significantly different between months (March-August) (H = 15. 712; df

= 5; p = 0.008) with March being significantly more enriched than July and the
fish showing a consistent depletion in
(Figure 19). The

o13C the longer time they spent inshore

o15N values for juveniles were not significantly different
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between months (H

= 0.513; df = 5; p = 0.992).

Sub-adult

o13C values were

found to be significantly different between the months of June, July, and August
(H

=35.879; df = 2; p < 0.001) with July being slightly more enriched than both

June and August. Sub-adult

o15 N values were not significantly different between

month (H = 2.880; df = 2; p = 0.237). For adult fish , o13C values were not found
to be significantly different between these months (F = 0.0550; df = 2; p = 0.947)
while

o15 N values were found to be significantly different (F = 3.674; df = s; p =

0.031) with July being more depleted than August (Figure 20).
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Figure 19. o C values for juvenile Gulf menhaden from March to August 2011.
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Figure 20. A scatter plot of o13C and o15 N values(± standard error) for three size
classes of Gulf menhaden between the months of June, July, and August.
Gulf Menhaden Mixing Models
Potential dietary sources utilized in the mixing models were zooplankton

(o13C = 22.8 ± 1.8; o15N = 9.8 ± 1.5; n = 101 ), phytoplankton (o 13C = 23.4 ± 1.5;
o15N = 6.6 ± 1.8; n = 68), and Juncus (o 13C = -26.6 ± 0.4; o15N = 4.8 ± 1.9; n =
3). Even with the small sample size, Juncus isotope ratios were found to be
similar to locally published values (Sullivan and Moncreiff, 1990; Hackney and
Haines, 1980). The percent composition of carbon and nitrogen for zooplankton
(C = 38.7 ± 12.8; N = 7.1 ± 3.5), phytoplankton (C

= 10.2 ± 6.2; N = 1.7 ± 1.8),
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and Juncus (C

= 47.6 ± 0.97; N = 0.94 ± 0.03) were also used in the models.

Juveniles, sub-adults, and adults were analyzed separately and a qualitative
comparison of Gulf menhaden size classes and potential food sources is shown
in Figure 21 while quantitative mixing model outputs of relative dietary
components for these size classes of menhaden are shown in Table 4.
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Figure 21 . A scatter plot of o13C and 5 15N values of juvenile, sub-adult, and adult
Gulf menhaden along with the three potential food sources (±standard error)
>355 µm Plankton (zooplankton), 20-63 µm Plankton (phytoplankton), and
Juncus utilized in dietary analysis. (Note: Food source isotope values are
corrected for trophic enrichment.)
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Table 4

Bayesian mixing model outputs for the three size classes of Gulf menhaden.
Dietary proportions are given as mean percent with the 95% posterior interval
shown in parenthesis.

Mean Relative Proportion (95% Posterior Interval)

Zooplankton

Phytoplankton

Juncus

Brevoortia patronus,
Juvenile

15.5(11.2-19.8)

75.7(67.3-83.8)

8.9(2.8-15.3)

58

Brevoortia patronus,
Sub-Adult

77.6(60.0-96.8)

21. 7(2.1-39.6)

0.6(0-7.8)

84

63.0(47.5-79.1)

36.3(20.3-51 .7)

0.7(0-1.9)

78

Brevoortia patronus,
Adult

N

Overall, juvenile fish were found to feed predominately on phytoplankton and
secondarily on zooplankton with a small amount of detrital dietary components
(Table 4, Figure 22) . Sub-adult and adult fish were very different in dietary
composition compared to juvenile fish with zooplankton making up the majority
of the diet for sub-adult fish and adult fish possessing a more evenly mixed diet
with zooplankton slightly outweighing phytoplankton . Almost no detrital dietary
inputs were predicted by the model for sub-adult or adult size classes (Figures
23 and 24).
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Juvenile Gulf Menhaden: proportion densities
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Figure 22. SIAR mixing model output of relative dietary breakdown for juvenile
Gulf menhaden utilizing three food sources zooplankton (zoo), phytoplankton
(phyto), and Juncus.
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Sub-Adult Gulf Menhaden: proportion densities
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Figure 23. SIAR mixing model output of relative dietary breakdown for sub-adult
Gulf menhaden utilizing three food sources zooplankton (zoo), phytoplankton
(phyto), and Juncus.
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Adult Gulf Menhaden: proportion densities
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Figure 24. SIAR mixing model output of relative dietary breakdown for adult Gulf
menhaden utilizing three food sources zooplankton (zoo), phytoplankton (phyto),
and Juncus.

Fish captured in the bay strata were found to have a higher relative
contribution of zooplankton and smaller relative contribution of phytoplankton
compared to those captured in the sound strata. Relative dietary contributions
were somewhat similar between all sites with the exception of Juncus detritus
within the juvenile size class. Juvenile fish captured at site BSL were found to
have five to ten times higher detrital contributions to their diets with lower
contributions from phytoplankton and zooplankton which may explain larger
detrital dietary input in the juvenile size class of fish compared to sub-adults and
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adults. Mixing model outputs of the various size classes of fish between site and
strata are shown in Table 5.
Table 5

Bayesian mixing model output for the three size classes of Gulf menhaden
between sites Bay Saint Louis (BSL), Biloxi Back Bay (BB), and West
Pascagoula River (WPR) and between bay and sound strata. Dietary
proportions are given as mean percent with the 95% posterior interval shown in
parenthesis.

Mean Relative Proportion (95% Posterior Interval)

Zooplankton

Phytoplankton

Juncus

N

All Fish
BSL
BB
WPR
Bay
Sound

43.5(32.3-55.1)
55.1 (39.8-70.9)
49.4(33.6-67.0)
77 .6(60.4-96-7)
64.9(46.8-84.8)

55.1 (42.8-66.6)
43.5(27.1-59.2)
49.2(31.2-65.4)
21 .8(2.4-39.4)
34.1 (13.9-52.6)

1.3(0-3.8
1.5(0-4.1)
1.4(0-4.1)
0.7(0-1.8)
1.0(0-2.9)

70
74
57
74
49

Juveniles
BSL
BB
WPR

11.1(5.6-16.7)
21.3(13.2-30.3)
19.2(8.7-30.9)

56. 7(35.9-77 .0)
72.2(57.7-84.8)
77.4(63.5-90.0)

32.1 (14.1-51 .2)
6.5(0-15.5)
3.4(0-8.3)

20
25
13

Sub-Adults
BSL
BB
WPR
Bay
Sound

60.7(37.6-88.7)
73.8(52.9-95.5)
62.3(38.7-90.0)
82.7(65.3-99.5)
63.7(41.1-89.4)

36.4(8.0-59.8)
23.8(1.5-44.8)
33.4(4.3-57 .5)
13.2(0-33. 7)
33.7(6.9-56.4)

2.9(0-8.6)
2.4(0-6.7)
4.3(0-13. 7)
1.0(0-2.9)
2.6(0-7.8)

18
30
29
46
21

Note. Only sub-adult and adult menhaden were collected from the bay and sound strata.
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Table 5 continued.

Mean Relative Proportion (95% Posterior Interval}

Adult
SSL
BB
WPR
Bay
Sound

Zooplankton

Phytoplankton

Juncus

61.8(40.5-86.0)
66.5(41 .0-94.6)
62.6(38.9-91.9)
64.3(43.4-88.0)
63.7(43.1-87.2)

36.6( 12.5-58.4)
27.3(0.4-51.7)
33.0(3.6-56.6)
34.1 (9.6-55.5)
34.5(10.0-56.2)

1.6(0-4.5)
6.2(0-18. 7)
4.4(0-12.5)
1.6(0-4.5)
1.8(0-5.4)

n

32
19
15
28
43

Note. Only sub-adult and adult menhaden were collected from the bay and sound strata.

Relatively little change was seen in dietary contributions between months
for each size class of fish with the exception of juvenile fish in the months of
March and July. However, these two months had exceptionally small sample
sizes (n

= 4 and n = 5 respectively) , which casts doubt on the accuracy of these

outputs. Mixing model outputs of the various size classes of fish between
months are shown in Table 6.

68

Table 6

Bayesian mixing model output for the three size classes of Gulf menhaden
between months. Dietary proportions are given as mean percent with the 95%
posterior interval shown in parenthesis.

Mean Relative Proportion (95% Posterior Interval)

Zooplankton

Phytoplankton

Juncus

N

All Fish
June
July
August

55.7(38.4-73.3)
55.0(39.8-72.2)
59.5(42.8-77.8)

43.0(24.7-60.2)
43.6(26.1-59.2)
39.3(21.0-55.8)

1.3(0-3.9)
1.3(0-3.9)
1.2(0-3.4)

49
40
63

Juveniles
March
April
May
June
July
August

35.9(4.3-71 .6)
17.0(8.3-26.1)
18.3(6.4-33.0)
19.6(7.5-33.6)
24.1(4.8-46.0)
16.8(7.7-26.9)

46.7(7.5-84.3)
79.9(68.6-90.2)
51.6(21.5-83.1)
49.4(20.6-80.3)
35.6(1.7-65.6)
57 .8(30.3-85.4)

17.3(0-49.9)
3.2(0-7.1)
30.1(2.7-56.0)
31.0(4.0-58.3)
40.0(14.4(67.8)
25.3(0.9-49.9)

4
15
10
10
5
12

Sub-Adults
June
July
August

68.1 (44.5-95.1)
63.0(39.9-91.4)
74.0(52.7-97.4)

29.9(2.2-53.3)
33.7(4.9-57.6)
24.3(0.9-45.2)

2.0(0-6.2)
3.3(0-10.5)
1.8(0-5.5)

20
15
30

Adults
June
July
August

64.7(41 .5-92.3)
57.4(37.0-80.8)
66.0(43.0-92.1)

32.5(3.9-55.9)
40.7(17.2-61 .3)
31.2(4.8-54.1)

2.8(0-8.6)
1.9(0-5.5)
2.8(0-8.3)

19
20
20

Note. Juveni le fish were collected in March, April, and May of 2011 only. Sub-adults and adults
were not collected during these months.
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Gulf Menhaden Trophic Level Analysis
While Gulf menhaden are not known to show any distinct migratory
pattern along the coast we assume that sub-adult and adult menhaden possess
the ability to migrate between our study sites and so utilize the differing

o15N

baselines associated with each. For this reason, an evenly weighted average

o15N baseline value between the three study regions (6.47%0) was utilized in the
trophic level calculations for sub-adult and adult fish. However, it is assumed
that the juvenile fish migrate much less between study sites due to their smaller
size and use of the nearshore environment as a refuge from predation (Boesch
& Turner 1984). For this reason I chose to utilize site specific baseline

o15N

values in the trophic level calculations for this size class. The baseline nitrogen
value used for Bay Saint Louis was 5.60%0, while that of Biloxi Back Bay was

6.77%0, and that of West Pascagoula River 7.03%0 (Figure 13). In reality, this
size fraction of plankton probably represents both phytoplankton and, to some
extent, detritus (Table 3). Therefore it takes into account both primary producers
potentially available to menhaden and is a sound estimate of the baseline

o15N

values at each site. BSL seems to be slightly lower in trophic level than the
other two sites for sub-adult and adult size classes but a slightly higher trophic
level for the juvenile size class while bay and sound strata are somewhat similar
in trophic level between sub-adults and adults (Table 7). Trophic level between
months is very similar, especially for sub-adult and adult fish; however, juveniles
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seem to vary to some extent between months with a slight decrease in June
followed by an increase in July (Table 8, Figure 25).
Table 7
Calculated mean trophic levels of Gulf menhaden (±standard deviation) for sites
Saint Louis Bay (BSL), Biloxi Back Bay (BB), and West Pascagoula River
(WPR).

Juveniles

Sub-Adults

Mean
Trophic
Level± sd

Adults

n

Mean
Trophic
Level± sd

All Fish

Mean
Trophic
Level± sd

n

n

Mean
Trophic
Level± sd

N

BSL

2.88 ± 0.28

20 3.36 ± 0.19 25 3.32 ± 0.18

44 3.23 ± 0.28 89

BB

2.58 ± 0.29

25 3.56 ± 0.15 30 3.48 ± 0.16

19 3.21 ± 0.49 74

WPR

2.44 ± 0.19

13 3.58 ± 0.22 28 3.47±0.19

15 3.28 ± 0.51

56

Bay

3.54 ± 0.22 52 3.36 ± 0.22

37 3.47 ± 0.23 89

Sound

3.40 ± 0.16 27 3.41 ±0.17

41

3.40±0.17 68

Note. Only sub-adult and adult menhaden were collected from the bay and sound strata.
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Table 8
Calculated trophic levels of Gulf menhaden (±standard deviation) between
months.

Sub-Adults

Juveniles

Mean
Trophic
Level± sd

n

Mean
Trophic
Level± sd

All Fish

Adults

n

Mean
Trophic
Level± sd

March

2.47 ± 0.27

4

April

2.65 ± 0.23

15

May

2.74±0.18

10

June

2.45 ± 0.25

10 3.43 ± 0.23 20 3.41 ±0.16

July

3.04 ± 0.47

5 3.40 ± 0.20

August 2.63 ± 0.34

13 3.53 ± 0.18

n

Mean
Trophic
Level± sd

N

19 3.22 ± 0.45 49

16 3.31 ± 0.20 28 3.32 ± 0.25 49
29 3.44 ± 0.14 20 3.31 ± 0.41

62

Note. Juvenile fish were collected in March, April, and May of 2011 only. Sub-adults and adults
were not collected during these months.
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Table 9
Calculated trophic levels of the three size classes of Gulf menhaden, eastern
oyster, (Crassostrea virginica), and bay anchovy (Anchoa mitchilli) (±standard
deviation).

Mean Trophic Level ± sd

n

Brevoortia patronus, Juvenile

2.65 ± 0.31

58

Brevoortia patronus, Sub-Adult

3.50 ± 0.21

83

Brevoortia patronus, Adult

3.39 ± 0.19

78

Anchoa mitchilli

3.90 ± 0.21

10

Crassostrea virginica

1.86 ± 0.18
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Figure 25. Trophic level calculations for juvenile Gulf menhaden from March to
August 2011 .
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Similar to the ontogenetic relationship between size classes of menhaden
and their respective

o15N values, there seems to be an increase in trophic level

between the juvenile and sub-adult/adult size classes of Gulf menhaden (Table
9). A slight decrease in trophic level from sub-adult to adult fish is also
observed. In addition, we observe less variability within the larger size classes
of fish (Table 9; Figure 26). Relatively fewer fish were collected in the size
range of approximately 100-140 mm as this seems to be the size juvenile fish
attain during their first winter offshore.
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Figure 26. A scatter plot of Gulf menhaden trophic level by total length.

74

Planktivorous Filter Feeder Comparison

Dietary input for bay anchovy (Anchoa mitchil/J) and eastern oyster
( Crassostrea virginica) is similar to that outlined in the literature as is shown by a

qualitative comparison between isotopic values of these species and potential
food sources (Figure 27).
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Figure 27. A scatter plot of 5 C and 5 N values for bay anchovy (Anchoa
mitchi/11) and eastern oyster ( Crassostrea virginica) along with the three potential
food sources (±standard error) >355 µm Plankton (zooplankton), 20-63 µm
Plankton (phytoplankton), and Juncus used in the dietary analysis. (Note: Food
source isotope values are corrected for trophic enrichment.)

To determine the similarity of the dietary composition, each size class of Gulf
menhaden was compared to A. mitchilli and C. virginica utilizing average
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isotopic values for these two organisms as sources in a Bayesian mixing model
(no trophic correction applied). Mean

o13C and o15N values were -21.1

± 0.6

and 13.1 ± 0.5 for anchovies and -25.6 ± 0.5 and 8.8 ± 0.4 for oysters
respectively. Percent carbon and nitrogen concentrations for each of these
sources were 40.5 ± 1.7 and 11.7 ± 0.5 for bay anchovy and 42.8 ± 0.8 and 5.0
± 0.3 of oysters respectively. Juvenile menhaden were found to be more similar

to oysters than anchovies with a mean dietary similarity of 82.5% for oysters
(95% posterior interval of 79.4%-85.8%) and mean similarity of 17.5% for bay
anchovy (95% posterior interval of 14.2%-20.6%) (Figure 28). Sub-adults and
adults were found to be more similar to bay anchovy than oysters with subadults being most similar to anchovies and adults somewhat more intermediate
between the two filter feeders . The mean similarity of sub-adults to anchovies
was found to be 69.1% (95% posterior interval of 63.1 %-75.2%) and to oysters
30.9% (95% posterior interval of 24.8%-36.9%) (Figure 29) . The mean similarity
of adult menhaden to anchovies was 56.8% (95% posterior interval of 53.7%60.2%) and to oysters 43.2% (95% posterior interval of 39.8%-46.3%) (Figure
30).
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Juvenile Gulf Menhaden: proportion densities
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Figure 28. SIAR mixing model output of relative dietary similarity of juvenile Gulf
menhaden to bay anchovy (Anchoa mitchi/11) and eastern oyster ( Crassostrea
virginica).
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Sub-Adult Gulf Menhaden: proportion densities
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Figure 29. SIAR mixing model output of relative dietary similarity of sub-adult
Gulf menhaden to bay anchovy (Anchoa mitchilh) and eastern oyster
( Crassostrea virginica).
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Adult Gulf Menhaden: proportion densities
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Figure 30. SIAR mixing model output of relative dietary similarity of adult Gulf
menhaden to bay anchovy (Anchoa mitchil/J) and eastern oyster ( Crassostrea
virginica).

For trophic level calculations, similar reasoning was used in selecting

o15 N baselines for anchovy and oysters as were used for the size classes of Gulf
menhaden. It is assumed that bay anchovy possess the ability to migrate
between the three study regions and so an average baseline o15N value evenly
weighted between sites was used for this species. However, due to the fact that
adult oysters do not possess the ability to migrate between sites, a BB specific
baseline

o15N value (6.77%0) was used for this species.

Trophic level

calculations for these species are shown in Table 9 along with those of Gulf
menhaden. As expected, C. virginica was found to have the lowest trophic level
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and A. mitchilli the highest. Juvenile menhaden were slightly higher than oysters
while sub-adult and adult menhaden were slightly lower than the anchovies.
Additionally, mixing model outputs using oysters and anchovies as the consumer
13

species and BB specific sources (zooplankton: o C = -22.2 ± 1.5,
1.0, phytoplankton : o13C = -23.5 ± 1.3,
0.4,

o15N=6.8

± 1.7, Juncus:

o15N = 10.1 ±

o13C = -26.6 ±

o15N = 4.8 ± 1.9) predicted that oysters feed on a mean of 4.0% (95%

posterior interval of 1.1 %-7.0%) zooplankton, 38.2% (95% posterior interval of
20.3%-54.0%) phytoplankton, and 57.8% (95% posterior interval of 43.4%73.7%) Juncus while anchovies feed on a mean of 83.0% (95% posterior interval
of 63.8%-99.4%) zooplankton, 13.1 % (95% posterior interval of 0-33.5%)
phytoplankton, and 3.9% (95% posterior interval of 0-10.1%) Juncus.
Community and Population Metrics of Trophic Structure
The six metrics were calculated for each size class of Gulf menhaden to
further assess ontogenetic variation of trophic structure within the population
(Table 10). Juveniles were shown to have the largest trophic range (TR)
followed by sub-adults. Adult menhaden have the smallest TR. Juvenile fish
13

also had the largest o C range (CR) with adults having the second largest and
sub-adults the smallest. Juveniles had the largest total area (TA) with sub-adult
and adults having a very similar TA. Gulf menhaden

o13C values and trophic

levels for each size class are plotted in Figure 31 and their respective total areas
outlined. Due to the fact that these metrics are highly affected by small and
differing sample sizes between groups, the calculations for menhaden between
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site, strata, and months were not included in this analysis as they may have lead
to erroneous conclusions regarding the trophic structure of the population.
Table 10
Metrics of trophic structure calculated using stable isotope o13C-o 15N bi-plot data
for Gulf menhaden. Metrics include trophic range (TR), o13C range (CR), and
total bi-plot area (TA).

Trophic
Range

Total
Area

Brevoortia patronus juvenile

1.52

6.90

7.59

Brevoortia patronus sub-adult

1.10

5.97

4.92

Brevoortia patronus adult

1.02

6.19
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Figure 31 . A scatter plot of o13C and trophic level values for the three size
classes of Gulf menhaden with their total area in bi-plot space outlined.

81

Discussion
Ontogenetic and Spatial Variation

There is a clear separation between

o13C signals of juvenile and sub-

adult/adult Gulf menhaden with juveniles showing more depletion and a higher
level of variation than larger fish . This suggests that juvenile fish are utilizing
more depleted and a wider range of carbon sources as compared to the larger
size classes. Such depleted signals are seen in 20 µm plankton fractions
collected closer to shore and are assumed to be related to higher levels of
terrestrial detritus (Juncus or upland plants). The mixing model outputs also
show a very distinct difference in the dietary composition of juvenile Gulf
menhaden compared to that of sub-adult and adult fish. On average, juveniles
feed on two to three times more phytoplankton than do the larger size classes.
In sub-adult and adult fish , the role of zooplankton takes the place of
phytoplankton as the most important dietary component; however, there is a
decrease in relative contribution of zooplankton in the diet of adults as compared
to sub-adults which results in an almost even mixture of zooplankton and
phytoplankton. Friedland et al. (2006) observed a similar relationship between
younger and older adult Atlantic menhaden and determined that it was an ecomorphological adaptation that helped adult menhaden, which migrate farthest
north and co-exist with other filter feeding Clupeids, avoid competition and take
advantage of large phytoplankton. While such an extensive latitudinal migration
is not seen in Gulf menhaden populations, adults may still take advantage of
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larger phytoplankton species or conglomerations of smaller phytoplankton
species which would retain the same isotopic signal.
Additionally, Juncus and upland plants seem to play a small role (in the
form of detritus) overall in the diet of juvenile fish; however, it seems to be
practically absent from the diet of larger menhaden. The question is then, are
menhaden simply feeding on what is most present in their immediate
environment or are juveniles preferentially selecting phytoplankton and detritus
more so than sub-adults and adults? This question is difficult to answer
considering that juveniles were only collected in the dock strata and the distance
from shore is probably the main factor in determining the presence of terrestrial
or marsh plant detritus. While bay strata fish (sub-adult and adults only) did
have a slightly different dietary composition compared to that of sound strata
fish , bay strata fish were, on average, smaller and within the sub-adult size
range while sound fish were larger and within the adult size range. However,
sub-adults did eat less zooplankton and more phytoplankton in the sound
compared to sub-adults in the bay and had a dietary composition very similar to
that of adults suggesting that the distaince offshore did affect their dietary input.
Nonetheless, just because a fish was captured in a particular strata does not
mean it spends all of its time there and so it is difficult to attribute these
difference in dietary composition to one strata or the other.
Overall,

o13C values show a consistent pattern of depletion between the

farther offshore sound strata to the relatively inshore bay and dock strata for
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both plankton and menhaden samples (utilizing all size classes) and we
observed that juvenile fish become more depleted in their o13C values the longer
they spend in the nearshore environment after arriving as larvae from offshore
spawning grounds (presumably in late February to early March). Additionally,
variation in

o13C values of juvenile fish between sites was very similar to that

seen in the 20 µm plankton size fraction . This suggests that juvenile fish are
shifting from offshore to terrestrial based food webs and utilizing site specific
prey sources that vary in isotopic composition. When we split up juvenile
menhaden between sites we see that fish from BSL consume approximately five
to ten times more detritus than those captured at BB or WPR. The 20 µm
plankton size fractions collected from BSL dock strata were found to be slightly
more depleted in

o13C compared to the other sites.

This may imply a larger

detrital input to the planktonic food web was occuring and it seems juvenile fish
at this site were opportunistically utilizing the detritus as a food source, which
agrees with past work done by Deegan et al. (1990) on juvenile Gulf menhaden
in Fourleague Bay, Louisiana. Their study determined that juvenile Gulf
menhaden were physiologically able to digest plant based detritus and that it
made up roughly 30% of their diet. While their study utilized Spartina as the
plant based detrital source we assume that Juncus and upland plant detritus can
be digested and utilized in a similar manner. While Spartina is not as common
as the C3 sources we used in the mixing models it could potentially be used in
small quantities as a dietary item; however, the model would not have detected
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this. Additionally, Friedland et al. (1984) determined that detritus may have a
clogging effect on the gill rakers of juvenile menhaden causing them to filter
larger particles less efficiently and smaller particles more efficiently. While a
decrease in dietary zooplankton contribution of about 9% was observed for
juvenile fish at this site, I also noted a decrease in dietary phytoplankton
contribution of approximately 18%. However, a slight increase of dietary
phytoplankton and decrease in trophic level was observed for sub-adult and
adult fish . While these size classes were not shown to utilize detritus to a
significant extent, this dietary increase in phytoplankton may be due to its
clogging effects.
This study shows that the dietary composition of plant based detritus
(Juncus/upland plants) in juvenile menhaden does vary with detrital availability
and suggests that juveniles are somewhat opportunistic in their feeding strategy
utilizing detrital sources when they are available. However, it should be noted
that the Bonnet Carre Spillway was opened for 42 days in the Spring of 2011,
from May 9th to June 20th, resulting in increased freshwater input into western
Mississippi Sound. The Bonnet Carre Spillway is a flood control mechanism
located approximately 33 river miles north of New Orleans, Louisiana in Saint
Charles Parish, Louisiana. It is designed to divert Mississippi River Flood waters
away from New Orleans and into Mississippi Sound via Lake Pontchartrain and
Lake Borgne. In the present study, BSL would have been the site most
impacted by this input of freshwater and since it has been shown that dissolved
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inorganic carbon (DIC), and the resultant phytoplankton, from freshwater
environments tends to possess lighter and more variable

o13C compared to that

of oceanic DIC (Sherr 1982, Conkright & Sackett 1986), this may have had an
effect on the values observed. From April to June I observed a decrease in
salinity from 6.1 ppt to 2.1 ppt followed by a rapid increase in salinity to 12.2 ppt
in July and 14.3 ppt in August at the study location in the BSL dock strata where
these juvenile fish were collected. Alternatively, depleted

o13C values

associated with this event may have been a result of increased te rrestrial
detritus caused by the increased flow from terrestrial sources. Due to the fact
that isotopic variability did not drastically increase in fish collected at this site
during the Spillway event as would be expected if freshwater DIC were the sole
reason for the change in isotopic signals, its seems likely that an increase in
detrital food sou rces may have caused these signals. However, a decrease in
calculated trophic level was not observed for this site as wou ld be expected if an
increase in the dietary use of a plant based food sources and decreased use of
zooplankton had occurred. In a similar way, Conkright and Sackett (1986) had
difficulty discriminating between the effects of freshwater DIC influx and
terrestrial detritus in

o13C signals of coastal particulate organic carbon ,

phytoplankton, and bivalves. While Sherr (1982) found that increased river flow
did not result in increased C3 plant material into Georgia estuaries, Hackney and
Haines (1980) found a high detrital presence and dependence of terrestrial and

Juncus carbon sources in Bay Saint Louis, MS presumably due to materials
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influxed via normal river flow (Hackney & de la Cruz 1979). While the SSL site
seems to have a history of high riverine detrital input, the opening of the Spillway
no doubt resulted in increased terrestrial detrital loads.
For sub-adult and adult Gulf menhaden, relative importance of the various
food types were comparable between sites. A similar pattern has also been
observed along the northern Gulf Coast from Alabama to Louisiana (D'Ambra
2012) and so this may not only be attributed to the relatively close viscinity of the
sites in the present study. However, it's known that sub-adult and adult fish do
not spend as much time seasonally inshore nor do they come inshore to the
extent as that seen in juvenile menhaden (Deegan 1990). For this reason, their
isotopic compositions may not be affected by terrestrial input to the extent of that
seen in juvenile fish .
In agreement with the mixing model results, the largest difference in
trophic level is clearly seen between juvenile and sub-adult/adult fish . This
analysis suggests that juveniles occupy a trophic position of approximately
2 .65±0.31 or between that of a primary and secondary consumer. Sub-adult
and adult fish occupy a troph ic position almost one step higher of 3.50±0.21 for
sub-adults and 3.39±0.19 for adults or between that of a secondary and tertiary
consumer. The drop in trophic level from sub-adult to adult fish is also
supported by the mixing models which predict a higher use of phytoplankton in
the diets of older fish . Additionally, when looking at the trophic level calculations
between the size classes of menhaden we see that there is a decrease in
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standard deviation with size. A large drop in standard deviation occurs from
juvenile fish to sub-adults followed by a slight decrease from sub-adults to
adults. This suggests that individuals within the juvenile size class are much
less trophically similar than sub-adults and adults while the larger size classes
seem to be more trophically homogenous. However, it is very interesting to note
the relatively narrow confidence inteNals associated with the phytoplankton and
zooplankton food sources in the mixing model outputs of the juvenile fish as
compared to those of the sub-adults and adults. While the larger size classes
are less trophically variable, their relative use of phytoplankton and zooplankton
is much more consistent among individuals in their respective size classes as
opposed to juveniles. While all three size classes are to some extent
omnivorous, the troph ic structure of each size class exemplifies this omnivory in
a different way. This is supported by the higher levels of spatial and temporal
variability obseNed for the juvenile size classes as compared to the larger fish in
this study.
Additionally, the calculated trophic levels for C. virginica and A. mitchilli
seem to bracket the calculated trophic levels of Gulf menhaden with juvenile fish
more closely resembling oysters and sub-adult/adult menhaden more closely
resembling anchovies. This comparison places Gulf menhaden troph ically
between a selective herbivore ( C. virginica) and a selective zooplanktivore (A.
mitchi/11) with juveniles more closely resembling the herbivore and sub-

abult/adult menhaden more closely resembling the zooplanktivore. C. virginica

,

88

is often cited as being able to exert a strong influence on water quality in its
surrounding environment (Newell 2004) and the similarity between juvenile
menhaden and this filter feeder may speak to the potential impact of this size
class on the local water quality. In the broadest sense, this agrees with the
mixing model resu lts as outli ned above.
Due to the known spatial separation by size class observed in the Gulf
menhaden population we can assume that ontogenetic and spatial trophic
variation are very closely associated with the size of fish not only affecting where
it will most likely be found but also what it most likely consumes. Additionally, it
is important to note the lack of small sub-adults (fish from approximately 110 to
130 mm total length) utilized in this study. Juveniles grow throughout the
summer in the inshore estuaries and migrate offshore in late fall when they are
approximately 100 mm. During their first season offshore it seems they grow
through this size range and return the following summer as sub-adults at least
140-150 mm in length . Since fish were only collected for this study in the
inshore region during the spring and summer months, we did not obtain fish of
this size on a regular basis. Based on the results above it seems that the largest
trophic change that occurs in this species is from the juvenile size class to the
sub-adult/adult size classes. This roughly agrees with what was determined for
Atlantic menhaden by Friedland et al. (2006) who found that the first major
change in branchiospinule spacing occurs at approximately 100 mm fork length
(FL, ==116 mm TL) in Atlantic menhaden. Spacing increased from an average of
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12 µm and continued increasing until the fish reached approximately 200 mm FL
(:::::231 mm TL) (FL-TL conversion from www.fishcount.org.uk) after which
banchiospinule spacing averaged 37 µm. While we must be careful in applying
data from Atlantic menhaden to Gulf menhaden, a very similar change was
observed in the present study between the largest juveniles (approximately 100
mm TL) and the smallest sub-adults (approximately 140 mm TL). Further, the
increase in phytoplankton content of adult Gulf menhaden as compared to subadults suggests that either the filtration apparatus become slightly more efficient
at filtering smaller particles or a larger sized conglomeration of phytoplankton
becomes available to adults as their gill raker spacing grows. Certain species of
phytoplankton have been shown to form aggregates (Kiorboe et al. 1990,
Alldredge et al. 1995) which would make smaller cell sizes more available to fish
with larger filtration abiliti es. This last option seems to be most likely considering
the work by Friedland et al. (2006); however, data on the branchiospinule and
gill raker spacing of Gulf menhaden would be needed to draw further
conclusions.

Temporal Variation
The

o13C values seen in sub-adult and adult size classes stayed

consistently enriched throughout the months of June, July, and August
suggesting that these fish do not utilize inshore carbon sources as observed with
juvenile fish . Though juvenile menhaden collected in March showed enriched

o13C values similar to those of sub-adults and adults (presumably due to feeding
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offshore as larvae) these values became increasingly depleted throughout the
spring and summer suggesting uptake of nearshore/terrestrial carbon sources.
Additionally, no major differences in dietary composition were observed for subadult or adult menhaden nor were troph ically relevent difference observed in the
trophic level calculations between the three months for these size classes. This
is surprising considering the documented seasonal change in the planktonic
composition of the Northern Gulf of Mexico. Phytoplankton blooms are known to
occur during the spring and early summer months in the inshore Northern Gulf of
Mexico caused largely by increased nutrient content brought in by local riverine
runoff (Lohrenz et al. 1997, Rabalais et al. 2002). Here we would expect
phytoplankton abundance to increase during the spring and early summer
followed by an increase in zooplankton as a result of the phytoplankton. Isotopic
values for sub-adult and adult Gulf menhaden did not follow the trophic pattern
that would be expected if they were purely generalists and feeding on the most
prevalent plankton type (i.e. lower trophic level in spring and early summer and
increased trophic level in later summer). The fact that no temporal change in
trophic level or dietary composition occurred suggests that either the change in
plankton abundance of the spring bloom was insignificant and so didn't effect the
dietary composition of the fish , the plankton resu lting from the bloom was not
utilized by the fish, or that the temporal range of the study was not large enough
to allow for tissue turnover. However, menhaden are known to be a relatively
fast growing and short lived species and regardless of the size class we wou ld
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assume that tissue turnover would occur fairly quickly. This suggests that the
sub-adult and adult size classes simply did not change food sources throughout
the course of the study.
Juvenile fish, however, were collected (though in smaller numbers) from
March to August and a slight decrease in trophic level was observed in June
followed by a spike in trophic level in July (possibly due to changing abundances
of phytoplankton and zooplankton). Elevated phytoplankton content in the diet
of juvenile menhaden was observed in April and slightly elevated levels
observed in May and June with an increase in zooplankton dietary contribution
in July. It is interesting to note the much lower contribution of detritus in the diet
of juvenile menhaden in April suggesting that the presence of phytoplankton
(due to the spring bloom) may have resulted in a sharp decrease in dietary
detritus contribution while that of zooplankton contribution remained the same.
These patterns continue to suggest that juveniles are highly opportunistic and
can be trophically variable as a size class in their feeding strategy. However, I
again emphasize that sample size during these months (especially March and
July) was relatively small compared to that of sub-adult and adult menhaden.
Planktivorous Filter Feeder Comparison
Other planktivores that reside in the same system, in this case eastern
oyster ( Crassostrea virginica) and bay anchovy (Anchoa mitchilll), provide an
additonal and useful trophic comparison to Gulf menhaden. The selectivity of
these species is fairly well documented, which allows us to further refine our

92

analysis. Crassostrea virginica is known as a dominant herbivore that mainly
ingests smaller (10-100 µm) particulates in the water column (largely
phytoplankton/detritus) (Newell & Jordan 1983, Newell 2004), while A mitchilli
mainly ingests larger zooplankton (Johnson et al. 1990, Luo & Brandt 1993).
The results from the present study are consistant with this literature. The
similarity between oysters and juvenile Gulf menhaden was expected based on
the larger contribution of phytoplankton and detritus in the diet of this size class
of fish . Additionally, the similarity of sub-adult fish to the bay anchovy was
expected due to the larger contribution of zooplankton in the diet of this fish .
Adult fish were shown to be similar to both oysters and anchovies with slightly
more dietary similarity to anchovies which once again suggests that adult
menhaden have a more even diet than the largely phytoplanktivorous juveniles
and the largely zooplanktivorous sub-adults.
This unconventional use of the traditional mixing model exploits the life
history of consumers with specialized diets compared to that of menhaden and
allows for use of these models without relying on the assumption of a specific
trophic fractionation factor, which is often cited as a weakness in stable isotope
analysis. However, this method does assume that fractionation factors for all
three of these consumers are constant which, as discussed in Chapter II, may
not always seem to be the case. Nonetheless, the results of both uses of these
models are consistent, suggesting that the trophic fractionation factors selected
for the traditional mixing models discussed earlier were accurate. Additionally,
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calculated trophic levels and mixing model outputs using the eastern oyster and
the bay anchovy as consumers along with the same trophic fractionation factors
used for the menhaden seem to agree with what is trophically know about these
organisms. This use of mixing models allows for direct dietary comparisons
between species in a given ecosystem and, to our knowledge, is the first time
they have been used in such a way.
Community and Population Metrics of Trophic Structure

In contrast to the mixing models utilized earlier in this report, the
calculated trophic metrics can give a better idea of how individual fish vary
among themselves within the different size classes. The metric calculations
suggest that the feeding behavior of juvenile menhaden is more trophically
spread and unevenly distributed than seen in the larger size classes and
highlights a large amount of intra-size class variability in the juvenile fish . While
the mixing models predict that both juvenile and sub-adult fish concentrate their
diets on differing trophic levels (juveniles on phytoplankton and sub-adults on
zooplankton), these metrics show that for juveniles this is not a result of
homogenous dietary selection among all fish of this size class as it seems to be
for sub-adults. According to the mixing model results, all size classes of
menhaden are to some extent omnivorous, that is, they feed on both plant
matter (detritus and/or phytoplankton) and animal matter (zooplankton).
However, the size classes go about this omnivory very differently. There seems
to be much individual specialization within the juvenile size class most likely
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based on the local environment and seasonal fluctuations in plankton
distributions and carbon sources. With the increase in dietary input of detritus in
juvenile fish collected at BSL it seems that this size class is more opportunistic in
that it is able to take advantage of multiple plant based food sources depending
on availability. This was not observed in the sub-adult and adult size classes of
menhaden which showed very little spatial or temproal dietary variation in
addition to a smaller TA and more homogenous population structure in terms of
trophic level and

o13C isotopic values.

While these larger size classes still feed,

to some extent, on both plant and animal matter, individuals of the same size
class vary much less from each other than is seen in the juvenile size class
suggesting similar dietary breakdown among all individual. This variability
among individuals and overall opportunistic behavior observed for juvenile
menhaden may allow them to better survive in the variable environment of
nearshore estuaries and bayous. Olsson et al. (2009) concluded that a larger
niche width (represented by total area of corrected

o13C and o15N values)

allowed the introduced signal crayfish (Pacifastacus leniusculus) to successfully
invade a variety of habitats compared to the native nobel crayfish (Astacus
astacus). Additionally, Quevedo et al. (2009) found that among Eurasian perch
(Perea fluviatilis) , fish living in the littoral environment showed a larger niche
width, higher individual specialization, and less stable trophic behavior than fish
living in the pelagic environment. A similar comparison can be made between
juvenile menhaden living in the nearshore strata and sub-adult/adult fish

95

spending a majority of their time in the more pelagic sound strata. Quevedo et
al. (2009) attributed this difference to the decrease in environmental stability
associated with the littoral environment.
Several studies have pointed out important weaknesses of these metrics
for calculating trophic diversity and niche width (Newsome et al. 2007,
Hoeinghaus & Zeug 2008). While the metrics do provide an excellent view of
differing trophic structure between groups of organisms in a population they do
not speak to the position of these groups relative to each other. Therefore, while
these metrics may suggest that the sub-adult and adult size classes are very
similar in trophic structure, they do not take into account the placement and
exact values of the trophic level or o13C in bi-plot space. In other words, while
the ranges and areas of these values may be similar, the food sources they
encompass may be very different. Additionally, many have criticized the fact
that basal sources are not taken into account in the calculation of these metrics
and so it becomes difficult to distinguish between basal source varability and
trophic variabi lity between individuals (Newsome et al. 2007, Hoeinghaus &
Zeug 2008). It has also been pointed out that the range of o13C values may not
reflect the number of sources utilized by a group of organisms. That is, a larger
CR may not necessarily mean more basal carbon resources are utilized by a
particular group as the spacing between basal
environments or basal

o13C signals may differ between

o13C values may overlap resulting in a deceptively small

CR (Hoeinghaus & Zeug 2008) . Many studies, including this one, have
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corrected for basal

o15 N variability by utilizing a trophic level or similar

calculation (as outlined in the methods section of this chapter) instead of raw

o15 N values in the calculation of these metrics (Olsson et al. 2009); however,
raw

o13C values were utilized for the present study.

Because the present

comparisons are being made between three size classes of Gulf menhaden
collected at the same sites during a relatively short time frame, the basal carbon
sources are relatively similar and correcting for this difference still yields similar
results. Nonetheless, it is important not to rely solely on these calculations in
drawing conclusions and I suggest that these metrics only be interpreted in the
frame work of the trophic level calculations and mixing models outlined above as
suggested by Newsome et al. (2007).
Ecological and Fishery Applications
With the recent management restrictions set on the Atlantic menhaden
fishery (ASMFC 2011 ), it is becoming very important to focus research on Gulf
menhaden as these closures may result in increased fish ing pressure in the Gulf
of Mexico. While fishing mortality seems to be rising and population fecundity
may be experiencing slight declines, Gulf menhaden catch is still very high and
recent assessments suggest that the population is not overfished or undergoing
overfishing (Vaughan et al. 2007). However, even if harvested below the level of
overfishing, a decline in the population may to some extent impact the ecological
and troph ic role of the fish. Without a thorough understanding of the
environmental impacts of this species, a decline in their numbers or a shift in
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their ecological role may create problems unforeseen by fishers and managers
alike.
As mentioned earlier, a majority of the work regarding the feeding habits
and trophic roles of menhaden focuses on Atlantic menhaden and while Gulf
and Atlantic menhaden differ in geographic location, size, longevity, and
migratory behavior, conclusions drawn from Atlantic menhaden studies are often
applied to Gulf menhaden and management decisions regarding this species.
While these two species are probably somewhat similar in their feeding behavior
I have attempted to fill in these gaps regarding Gulf menhaden. During the
course of this project I have looked at the question of troph ic diversity and
feeding dynamics of Gulf menhaden from a number of different angles. All size
classes of Gulf menhaden were shown to be omnivorous; however, the extent to
which this omnivory occurs and the amount of plasticity observed differs in each
of the size classes. Juvenile fish primarily utilize lower trophic level prey
(phytoplankton and terrestrial detritus) compared to sub-adult and adult fish
which seem to more readily utilize zooplankton as a food source. Additionally,
juveniles show more trophic specialization among individuals and seem to utilize
changing food sources more so than sub-adult and adult fish . These larger size
classes seem to be much more homogenous in trophic structure with a majority
of individuals possessing a similar dietary breakdown.
Filter feeders such as the eastern oyster have been shown to have a
significant impact on water quality (Cereo & Noel 2007) due to thei r ability to
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efficiently filter small particles such as phytoplankton at high filtration rates
(Durbin & Durbin 1975) and due to the fact that menhaden are such a numerous
seasonal resident of the inshore environments it is often assumed that they
could play a similar role. The present study seems to suggest that juvenile
menhaden may have the ability to impact water quality by focusing on a
relatively large proportion of phytoplankton. However, I do understand that just
because two organism feed on phytoplankton does not mean that they will have
the same impact on their local environment. The effect that oysters tend to have
on local water quality is not only due to their feeding selectivity but also to the
fact that they are long lived and slow growing which gives them the ability to act
as a benthic nutrient sink. Additionally, these bivalves continue filtering even
after their metabolic demands have been met and excrete unused portions of
their food in the form of pseudofeces which settles in the benthos and ultimately
removes nitrogen and phosphorus from the water column via sediment burial
and bacterially mediated, coupled nitrification-denitrification (Newell et al. 2005).
While Gulf menhaden are not considered long lived or slow growing they do
possess the ability for large scale migration not seen in sessile benthic filter
feeders such as oysters. Though not possessing the extensive migration seen
in Atlantic menhaden , Gulf menhaden do seasonally migrate to offshore waters,
which presents the possibility for this species (especially the juvenile size class)
to remove nitrogen from the nearshore environment in the form of excreted
nitrogenous waste offshore or consumption of menhaden by offshore predators

99

and the fishery. For an impact to occur, these processes would have to
outweigh any inshore excretion of nitrogen or inshore mortality of menhaden as
some authors have suggested that excessive nitrogenous waste and
consumption of zooplankton by sub-adult and adult Atlantic menhaden in the
inshore environment may actually increase primary production locally (Lynch et
al. 2010). It is known that the fishery largely targets age 1+ fish (sub-adults and
adults) while it is the juvenile size class that possesses the most potential to
impact local water quality. Therefore, it seems that the largest impact that the
fishery may have on hindering this potential ecosystem service would take place
if overfishing were to occur to such an extent as to decrease the number of
juveniles recruited into the population (recruitment overfishing) . While recent
studies have suggested that the current removal of adult fish by the reduction
industry in the Atlantic would not have a large impact on water quality (Lynch et
al. 2011 ), such models do not take into account potential long term effects such
as a decrease in recruitment of juvenile fish . However, menhaden recruitment is
also thought to rely largely on environmental conditions (Govoni 1997) and so
yearly variations in addition to long term climate change may impact the
ecosystem services of this species as well. Because localized grazing is
significant due to the intense schooling behavior of this species and the naturally
high abundances of the fish observed seasonally inshore, I predict that an
overall decrease in the biomass of the juvenile size class, regardless of the
cause, would result in a significant predatory release of nearshore phytoplankton
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species. The question of whether or not this occurs in the Gulf to any
measureable extent is beyond the scope of this study; however, this work does
suggest that, at minimum, a reduction in the Gulf menhaden population could
decrease the resiliency of the inshore Gulf of Mexico ecosystem to
eutrophication events which may lead to localized hypoxia.
To fully understand the impact of the Gulf menhaden population on the
local environment additional work needs to be completed including accurately
quantifying the biomass of juvenile menhaden in the ecosystem and better
understanding the nitrogen budget of this size class. Up until now it has been
difficult to accurately estimate the impact of Gulf or Atlantic menhaden on
surrounding water quality (Dalyander & Cereo 2010, Lynch et al. 2010) due
largely to the uncertainty of their feeding habits. I hope that the present study
will be useful in making such models more accurate and that such work will be
taken into account in making future management decisions regarding this
species.
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